The Role of Glucocorticoid Receptor-signaling and Wnt-signaling in Avian Retinal Regeneration by Gallina, Donika
  
 
The Role of Glucocorticoid Receptor-signaling and Wnt-signaling in Avian Retinal 
Regeneration 
 
DISSERTATION 
 
Presented in Partial Fulfillment of the Requirements for the Degree Doctor of Philosophy 
in the Graduate School of The Ohio State University 
  
By 
Donika Gallina 
Graduate Program in Molecular, Cellular and Developmental Biology 
 
 The Ohio State University  
2015 
 
 
Dissertation Committee: 
Dr. Andy J Fischer, Advisor 
Dr. Heithem El-Hodiri 
Dr. Colleen Cebulla 
Dr. Dana McTigue 
 
 
  
 
 
 
 
 
 
 
 
 
 
Copyright by 
Donika Gallina 
2015 
 
 
 
 
 
 
 
 
 
 
  
ii 
 
 
 
 
 
 
ABSTRACT 
 
 
 
Sight-threatening diseases of the eye are prevalent across the world and result in a 
progressive loss of visual acuity that often culminates in blindness. These ocular diseases 
are caused by the degeneration and death of neurons in the retina, the neurosensory tissue 
of the eye. A promising possible treatment for vision threatening retinal diseases is to 
stimulate neuronal regeneration from the Müller glia, the major type of support cell in the 
retina. Müller glia regenerate the retina in cold blooded vertebrates, but fail to give rise to 
significant numbers of regenerated neurons in mammalian retinas. To achieve retinal 
regeneration, the Müller glia must: (1) dedifferentiate into Müller glia-derived progenitor 
cells (MGPCs), (2) proliferate, (3) differentiate into neurons, and (3) functionally 
integrate into neuronal circuits. Identification of the signaling pathways that influence the 
reprogramming of Müller glia into neurogenic retinal progenitors is key to harnessing the 
potential of these cells to regenerate the retina. This dissertation focuses on understanding 
the involvement and importance of two major signaling pathways, Glucocorticoid 
Receptor (GCR)-signaling pathway and Wnt-signaling pathway, in regulating 
proliferative, regenerative and neuroprotective properties of Müller glia in the avian 
retinain vivo.  
In the first part of this dissertation, we analyze the impact that the GCR- signaling 
pathway has on the MGPCs in the postnatal retina in the presence and absence of 
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damage.  The primary amino acid sequence and pattern of GCR expression in the retina is 
highly conserved across vertebrate species, including chickens, mice, guinea pigs, dogs 
and humans. We find that in all of these species GCR is expressed by the Müller glia, and 
that GCR-signaling is dynamically regulated in damaged retina. Further, we find that 
activation of GCR-signaling in damaged retinas suppresses the formation MGPCs via 
inhibition of MAPK-signaling, and inhibition of GCR-signaling in mildly damaged 
retinas stimulates the formation of proliferating MGPCs.  In the absence of retinal 
damage, FGF2/MAPK-signaling stimulates the formation of MGPCs and activation of 
GCR-signaling reduces the number of proliferating MGPCs in FGF2 treated retinas. 
Furthermore, FGF2 controls GCR-signaling by regulating its endogenous ligand, cortisol.  
We also find that inhibition of the GCR-signaling enhances the neuronal differentiation 
of MGPC-derived cells in damaged retina.   
The second part of this dissertation describes the impact that Wnt- signaling 
pathway has on the MGPCs in the postnatal retina in the presence and absence of 
damage.We find dynamic changes in retinal levels of the components and readouts of the 
Wnt pathway. Further, we find that the highest accumulation of nuclear β-catenin in 
MGPCs coincides with the peak of the formation of the MGPCs at three days after 
damage. We also find that inhibition of Wnt-signaling in damaged retinas suppresses the 
formation of MGPCs, and activation of Wnt-signaling in mildly damaged retinas 
stimulates the formation of proliferating MGPCs.  Further, in the absence of retinal 
damage, FGF2/MAPK-signaling stimulates the formation of MGPCs by activating a 
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signaling network that includes Wnt/β-catenin, and inhibition of Wnt-signaling reduces 
the number of proliferating MGPCs in FGF2 treated retinas.   
In the third part of this dissertation, we examine how signaling through GCR 
influences the survival of neurons. We find that activation of GCR signaling suppresses 
the reactivity of microglia/macrophages and inhibits the loss of retinal neurons from 
excitotoxicity. Further, activation of GCR signaling protects ganglion cells from 
colchicine-induced death. We also find that activation of GCR signaling suppresses the 
reactivity of microglia/macrophages and inhibits the loss of photoreceptors in a retinal 
detachment (RD) setting, and further inhibits the formation of FGF2/NMDA- induced 
retina detachments.  
Taken together, the data obtained and presented in this dissertation implicates 
GCR-signaling not only as an important pathway in neuro-protection, but as a novel 
pathway that significantly impacts retinal regeneration from MGPCs, and furthers the 
understanding of how Wnt-signaling influences the formation of MGPCs.  These findings 
will help to guide the development of therapeutic approaches for vision preservation in 
the future. 
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CHAPTER 1 
 
 
General Introduction 
 
 
The eye- a brief history 
 
“The eye is like a mirror, and the visible object is like the thing reflected in the mirror”  
Avicenna, 11-th century                   
The work described in this dissertation involves the retina, the neural tissue lining 
the back of the eye. The eye has been an enigma that has wondered philosophers for 
centuries. How the eye function has been the subject of contradictory theories since 
antiquity. Ancient philosophers like Plato and Theophrastus believed in the extramission 
theory that proposes that the visual perception is accomplished by rays of light emanated 
by the eye (Lindberg 1976). Aristotle was among the first to reject the extramission 
theory of vision by arguing that "In general, it is unreasonable to suppose that seeing 
occurs by something issuing from the eye"(Lindberg 1976). He promoted the 
intromission theory by which the eye receives rays of light (Lindberg 1976). However, 
the intromission theory was disregarded for a long time by noted scholars. 
In the second century A.D, Galen described many anatomical and physiological 
features of the eye, and he was the first one to notice one of the sight’s features, the 
binocular vision (Howard & Rogers 1995).Between the ninth and fourteenth century, 
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influenced by Galen’s work, the majority of medieval Islamic scholars, such as Hunain 
ibn Ishaq and al-Kindi embraced the extramission theory of sight (Lindberg 1976). In the 
early tenth century, al-Razi discovered the pupil's contraction and dilation (Hirschberg 
1985), and in the eleventh century, al-Haythan noted that the eye was injured by strong 
light (Masic 2008).  These scholars determined that the light affected the eye and not 
vice-versa.  At the same time, Avicenna emerged as a strong supporter of Aristotle’s 
theory of intromission, and critiqued the Galenic account of the eye (Lindberg 1976).  
Renaissance scholars learned a great deal about the anatomy of the eye from the 
previous literature, and started to lean towards the intromission theory as the one that 
made the most sense. In the fifteenth century, Leonardo da Vinci, for example, reversed 
his position and supported the intromission theory (Lindberg 1976). Until the sixteenth 
century, the crystalline lens was believed to be the main organ of sight, and that the optic 
nerve was hollow (Darrigol 2012). Achillini, may have been the first to contest the idea 
of the crystalline lens as the main organ of sight, and Vesalius, in spite of believing in the 
primacy of the crystalline lens, denied that the optic nerve was hollow (Lindberg 
1976). In 1583, the Swiss physician Felix Platter reasoned that the optic nerve is the 
"primary organ of vision", bringing to attention the retina (Darrigol 2012).  
Finally, in 1604, Kepler noted: "Therefore vision occurs through a picture of the 
visible things on the white, concave surface of the retina", proposing for the first time the 
theory of the retinal image (Lindberg 1976). In 1900, Santiago Ramón y Cajal described 
the retina and its structure in great detail in "Structure of the Mammalian Retina" (Cajal 
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1900). Since then, much has been explored and learnt regarding the structure and 
function of the retina. However, there are questions that remain unanswered about this 
tissue.  
The structure and function of the retina 
 
The retina is the neural tissue lining the back of the eye. The retina is laminated 
into seven layers where different types of cells reside. The light enters the eye and first 
encounters the ganglion cell layer (GCL) where the ganglion cells (GC) are located, 
travels through the inner plexiform layer (IPL) where the ganglion cells synapse with the 
inner neurons (amacrine, horizontal and bipolar cells) whose cell bodies reside in the 
nuclear layer (INL), and passes through the outer plexiform layer (OPL) where the inner 
neurons synapse with the photoreceptors, whose cell bodies occupy the outer nuclear 
layer (ONL) (Figure1.1). Finally, the light is detected by the photoreceptors and the 
signal is conducted back to the GCs whose axons enter the optic nerve and outspread to 
higher brain structures terminating in the visual cortex in the occipital lobe where visual 
information is processed (Kandel et al 2000). Besides neurons, several populations of 
glial cells exist in the retina. Müller glia are cells that serve as support cells for the 
neurons and span the entire breadth of the retina with the cell bodies in the INL (Livesey 
& Cepko 2001, Marquardt 2003). In addition to providing structural support, Müller glia 
have the potential to regenerate the retina (Fischer & Reh 2001a). Astrocyte and 
microglia are two other glia populations residing in the retina. Like neurons, Müller glia 
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and astrocytes arise from neuroectoderm. However, microglial progenitors arise from 
peripheral mesoderm (myeloid) tissue (reviewed by Chan et al 2007). 
 
 
 
 
Figure 1.1. Gross anatomy of the human eye and detail of the retina. The major 
refractive elements and hence primary sources of aberration are the tear film–cornea 
interface and the crystalline lens. The incident light on the retina is absorbed by the cone 
and rod photoreceptors after traversing several retinal layers. Image modified from the 
National Eye Institute, National Institutes of Health. 
 
 
 
Retinal regeneration across vertebrates- a general overview 
 
It has been more than one hundred years since the discovery of retinal 
regeneration in cold-blooded vertebrates (Stone 1950). There is strong evidence of 
neuronal regeneration in the retinas of fish (Lombardo 1968, Lombardo 1972), frogs (Reh 
1987, Reh et al 1987), embryonic rodents (Zhao et al 1997, Zhao et al 1995), and 
embryonic birds (Coulombre & Coulombre 1965, Coulombre & Coulombre 1970, Orts-
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Llorca & Genis-Galvez 1960). While there is robust regeneration seen in cold-blooded 
vertebrates (Hitchcock et al 1992, Hitchcock & Raymond 1992, Raymond 1991, 
Raymond et al 1988), findings show a minimal neuronal regeneration in mature retinas of 
birds (Fischer & Reh 2001a) and rodents (Karl et al 2008, Ooto et al 2004). Retinal 
regeneration can arise from different cellular sources in different vertebrate classes, 
namely the retinal pigmented epithelium (RPE), retinal stem cells in the circumferential 
marginal zone (CMZ), and Müller glia.  
The RPE is the pigmented cell layer just outside the neurosensory retina that 
nourishes the photoreceptors, and is attached to the underlying choroid. The RPE is 
derived from ventral diencephalon during early stages of development, but neurogenesis 
is suppressed when the pigment phenotype is established. RPE cells give rise to newly 
regenerated retina  in neotenic amphibians and larval anurans (Fischer & Reh 2001b, 
Hitchcock et al 1992), and in salamanders and tadpole frogs where acute injury to the 
retina stimulates the RPE cells to de-differentiate, proliferate and become neurogenic 
retinal progenitors (Barbosa-Sabanero et al 2012). In chicks and rodents, during early 
stages of embryonic development, immature RPE cells have the potential to generate 
retina; however, as the RPE cells becomes fully differentiated, the ability to form 
proliferating retinal progenitors is lost (Park & Hollenberg 1989, Park & Hollenberg 
1991, Park & Hollenberg 1993).  
CMZ stem cells are another potential source for retinal regeneration. They are 
located at the transition between neural retina and non-pigmented epithelium of the 
ciliary body. These stem cells have been identified in the eyes of frogs, fish and birds. 
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While fish and frog retina can be regenerated from the CMZ stem cells (Reh 1987, Reh & 
Tully 1986, Stenkamp et al 2001), adult chicken retina cannot regenerate from the CMZ 
stem cells (Fischer 2005, Fischer & Reh 2000). However, retinal regeneration can arise 
from the primitive CMZ-like region during chick development (Haynes et al 2007, 
Spence et al 2004). The neurogenic potential of Müller glia was initially recognized in 
the chick retina (Fischer & Reh 2001a), and thereafter described in the rodent retina 
(Ooto et al 2004).  Following this discovery, it was shown that the Müller glia de-
differentiate, become proliferating neurogenic progenitors, and give rise to a newly 
regenerated retina that included all types of neurons in the injured retina in adult fish 
(Fausett & Goldman 2006, Fausett et al 2008). In primates, there is evidence in vitro that 
Müller glia de-differentiate and become progenitor-like cells (Limb & Daniels 2008, 
Limb et al 2006), but there is a lack of evidence that these cells can differentiate into 
neurons. Before the identification of the Müller glia as the source of retinal regeneration 
in injured fish retina, it was believed that rod progenitors were the source for regeneration 
of neurons (Hitchcock et al 2004, Otteson et al 2002, Otteson & Hitchcock 2003, 
Raymond 1991, Raymond & Hitchcock 1997, Raymond & Hitchcock 2000, Raymond et 
al 1988, Wu et al 2001). However, it has been shown that it is the MGPCs that give rise 
to rod progenitors (Bernardos et al 2007). These discoveries have engaged a significant 
number of researchers to focus on unlocking the potential of the Müller glia for retinal 
regeneration.  
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Müller glia, stem cells and retinal progenitors 
 
Müller glia cells are found in the vertebrate retina, and they are the major type of 
retinal glia. Their processes infiltrate all retinal layers, and are known to serve as support 
for the retinal neurons and contribute to the retinal function. The nature of the Müller glia 
is defined by structure, function and gene expression patterns (Bringmann et al 2009, 
Reichenbach & Bringmann 2013). Some major function of the Müller cells are: 
maintenance of  the stability of the extracellular environment of the retina by regulation 
of potassium levels, uptake of neurotransmitters, storage of glycogen, removal of debris, 
electrical insulation of neurons, mechanical support of the neural retina (Bringmann et al 
2009, Bringmann et al 2006, Reichenbach & Bringmann 2013), and conduction of  low-
scattering light through the retina (Franze et al 2007). Therefore Müller glia cells are the 
genuine glia of the retina regarding structure and function. Evidence shows that mature 
Müller glia in rodent retina have significant transcriptome overlap with that of retinal 
progenitors (Blackshaw et al 2004, Roesch et al 2008). Moreover, during early postnatal 
retinal development, there is a gradual transition in phenotype from neural progenitor to 
mature Müller glia (Nelson et al 2011). Some of the transcription factors and signaling 
pathways that are sustained in mature Müller glia are listed in Figure 1.2. Based on their 
morphology Müller glia have been regarded as the “radial glia” of the retina. However, 
unlike the radial glia in the developing brain that function as progenitors and provide 
“structural guides” for migrating and differentiating neurons (Noctor et al 2001), Müller 
glia do not function as progenitors during development, but can function as such during 
regeneration. Although Müller glia have the potential to become progenitors upon 
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stimulation, this characteristic does not define Müller glia in normal retina. The ability of 
the Müller glia to give rise to newly regenerated retina is limited to fish, and in chick and 
mouse they fail to do so. Therefore, the identity of the Müller glia should be based on a 
combination of parameters: function, morphology and gene expression profile, and not on 
the potential what a cell can be brought to do. It is not correct to consider Müller glia as 
stem cells in warm-blooded vertebrates even when these cells are stimulated to de-
differentiate and proliferate. 
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Figure 1.2. Schematic diagram summarizing the some of the genes (structural 
proteins, signaling pathways and transcription factors) that are expressed by 
normal Müller glia that may be related to maintaining progenitor-like properties. 
Wnts (from unidentified source) are blocked by Dkks (highly expressed by Müller glia) 
and BMPs from inner retinal neurons likely act to keep Müller-glia post-mitotic. Legend: 
orange arrow – proliferate or transdifferentiate, green line – activate, red line – inhibit or 
suppress, C – chick, M – mammal, F – fish. Abbreviations: LMG – lysosomal 
membrane glycoprotein, GFAP – glial fibrillary acid protein, CRALBP – cellular 
retinaldehyde binding protein, GLAST1 – glutamate aspartate transporter 1, Dll – delta-
like ligand, Ptch – patched, Smo – smoothened. 
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MGPCs-derived retinal regeneration– definition 
 
As stated in the abstract, retinal regeneration from MGPCs requires several 
cellular actions: (1) de-differentiation, (2) proliferation, (3) migration (4) neural 
differentiation, and (5) functional integration into retinal circuitry.  
De-differentiation is defined as the reversion of mature cells to a more generalized 
or primitive state. During retinal regeneration Müller glia cells stop functioning as glia 
and acquire progenitor phenotype. It has not been clearly established whether Müller 
cells fully abandon glial functions and phenotype, and when they become progenitor-like. 
It is possible that glia-to-progenitor de-differentiation represents a spectrum given that 
during postnatal rodent development there is a gradual transition in phenotype from 
retinal progenitor to mature glia (Nelson et al 2011). 
Proliferation is defined as the multiplication or reproduction of cells, resulting in 
the rapid expansion of a cell population. During retinal regeneration, Müller glia cells 
abandon some glial functions and re-enter the cell cycle to produce additional numbers of 
progenitor cells that can differentiate as new neurons, and differentiate as Müller glia to 
continue supporting neuronal function; however, in warm-blooded animals most of the 
proliferating MGPCs contribute to scar formation, failing to regenerate the retina. It has 
not been established whether proliferation occurs before, after or during glial de-
differentiation.  
Migration is defined as the orchestrated movement of cells in particular directions 
to specific locations. Retinal neurons are spatially located in different retinal layers, and 
to have a functional retina the newly regenerated neurons must replace lost neurons in the 
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appropriate layer. This process requires migration of MGPCs and differentiating progeny 
to the appropriate retinal site. In the regenerating zebrafish retina, when the 
photoreceptors are ablated, the progenitors migrate to the ONL (Vihtelic & Hyde 2000), 
and when the inner neurons are ablated MGPCs are observed to be located within the 
INL and GCL to replace ganglion cells (Fimbel et al 2007). The findings that during 
retinal development migration of retinal progenitors are required for normal proliferation 
and neurogenesis (Del Bene et al 2008, Leung et al 2011, Norden et al 2009) support the 
above observations in fish. It has been shown that the nuclei of Müller glia and 
proliferating MGPCs migrate and spread across the INL and into the ONL and the GCL 
when stimulated by acute damage or growth factors in chick (Fischer et al 2002a, Fischer 
et al 2002b, Fischer & Reh 2001a, Fischer et al 2009a, Gallina et al 2014b, Ghai et al 
2010, Todd & Fischer 2015) and across the INL and into the ONL upon damage in mice 
(Karl et al 2008, Ooto et al 2004, Osakada et al 2007). The migration of MGPCs in chick 
and rodent retinas is thought to involve interkinetic nuclear migration, similar to that 
which occurs in developing neuroepithelia, and not migration of post-mitotic neuronal 
cells.  
Differentiation is defined as the process by which cells undergo a change toward a 
more specialized form of function. During retinal regeneration, MGPCs are required to 
fully differentiate into neurons.  It is necessary that the newly generated neurons from 
MGPCs be shown to be functional using electrophysiological methods, because it has 
been shown that Müller glia and MGPCs express “neuronal” proteins while maintaining 
glial phenotype (Fischer et al 2004a, Fischer et al 2004b). 
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Integration is defined as the process by which the neurons establish pre- and post-
synaptic connections and contribute to retinal function. It has been shown that, in fish, the 
newly regenerated neurons form synapses (Hitchcock & Cirenza 1994, Stuermer & 
Easter 1984), and that the synapses must be functional for the restoration of visual 
function (Fimbel et al 2007, Lindsey & Powers 2007, Mensinger & Powers 1999, 
Mensinger & Powers 2007, Sherpa et al 2008). There is no evidence of functional 
integration of MGPCs- derived neurons in birds and mammals. 
 
Cell-signaling pathways that influence Müller-glia derived progenitor 
The formation of MGPCs in damaged retinas is driven by signals that originate 
from damaged or dying neurons and the identities of these signals remain uncertain. 
However, a number of secreted factor and signaling pathways have been identified that 
influence the formation of MGPCs and the regeneration of neurons. In this dissertation, 
the role of GCR-signaling and the Wnt- signaling on MGPCs formation and 
differentiation have been explored in detail in the successive chapters.   
 
Fibroblast growth factor (FGF), insulin-like growth factor 1 (IGF1), insulin and 
mitogen-activated protein kinase signaling  
Extensive work has been done in studying the role of the MAPK signaling 
pathway in MGPCs formation in chick, rodents and fish.  Upon acute NMDA-induced 
damage of the chick retina, the branches of the MAPK pathway, pERK1/2 and p38 
MAPK, are activated in Müller glia, and downstream targets, Egr1, cFos and pCREB are 
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expressed by Müller glia (Fischer et al 2009a). Similarly, in the damaged mammalian 
retina, Müller glia accumulates pERK1/2 and cFos (Nakazawa et al 2008). Furthermore, 
in NMDA-damaged avian retina, inhibition of MAPK signaling by small molecule 
inhibitors of MEK or FGF-receptors prevents the accumulation of Egr1 and pCREB in 
de-differentiating Müller glia and suppresses the proliferation of MGPCs (Fischer et al 
2009a). Unlike cFos and pERK1/2 , Egr1 and pCREB are expressed by retinal 
progenitors in the CMZ (Fischer et al 2009b). Taken together, the evidence suggests that 
activation of FGF-receptors, ERK1/2  pathway, Egr1 and pCREB promotes the de-
differentiation of Müller glia and proliferation of MGPCs. In normal adult chick retina, 
formation of MGPCs is stimulated by the combination of three daily injections of FGF2 
and insulin/IGF (Fischer et al 2002b, Ritchey et al 2012), and by four daily injections of 
FGF2 alone (Fischer et al 2014a) indicating that sustained activation is required. 
However, similar to the results in acutely damaged retinas, only 5% of the proliferating 
MGPCs differentiate into neurons, some into Müller glia, and the majority remain as 
undifferentiated progenitor-like cells (Fischer et al 2002b). Another combination, IGF1 
and FGF2, stimulates the formation of proliferating MGPCs, but this combination 
damages the ganglion cells and transiently elevates ocular pressure (Ritchey et al 2012). 
In the normal chick retina, FGF2 influences the Müller glia through the MAPK pathway 
by stimulating the phosphorylation of ERK1/2, p38 MAPK, and CREB, and the 
expression of immediate early genes, cFos and Egr1 selectively in Müller glia, whereas 
insulin and IGF1 influence the Non-astrocytic Inner Retinal Glial (NIRG) cells and 
microglia (Fischer et al 2009a, Fischer et al 2010a) (Figure 3.1). Further, FGF2 induces 
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the formation of proliferating MGPCs in moderately damaged retinas, whereas insulin 
has no effect (Fischer et al 2009a). The combination of insulin and FGF1 stimulates the 
formation of MGPCs in the damaged mammalian retina as well (Karl et al 2008). Further, 
in zebrafish, Heparin-Binding EGF-like growth factor (HB-EGF) stimulates the 
formation of MGPCs through MAPK-signaling (Wan et al 2012). Collectively, the data 
indicates that activation of MAPK-signaling is required for the formation of MGPCs 
across vertebrate species. 
 
Epidermal Growth Factor (EGF) 
EGF-signaling promotes Müller glial fate and stimulates the proliferation of 
Müller glia during postnatal retinal development (Lillien 1995). As the retina matures, the 
ability of EGF to induce proliferation diminishes together with a decline in EGF receptor 
expression in Müller glia (Close et al 2006). However, following light-induced damage 
EGF receptor starts being expressed by Müller glia, and addition of exogenous EGF 
results in Müller glia proliferation (Close et al 2006). In NMDA-damaged rodent retina, 
EGF treatment causes the Müller glia to de-differentiate, proliferate, and differentiate into 
inner retinal neurons (Karl et al 2008). In the normal adult chick and mouse retina, EGF 
does not stimulate the formation of MGPCs (Fischer & Reh 2002, Fischer & Reh 2003a, 
Karl et al 2008, Wan et al 2012). Further, EGF in combination with IGF1/insulin does not 
influence the proliferation of MGPCs in chick (Fischer & Reh 2003a). However, EGF 
stimulates the proliferation of CMZ progenitors (Fischer & Reh 2000), and EGF together 
with insulin synergistically stimulate the proliferation of progenitor-like cells in non-
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pigmented epithelium of the pars plana (Fischer & Reh 2003a). In normal zebrafish adult 
retina,HB-EGF stimulates Müller glia to become multipotent progenitors through the 
MAPK/ERK, Notch and Wnt signaling pathways (Wan et al 2012). Further, in damaged 
fish retina, HB-EGF is produced by Müller glia and acts in a paracrine/autocrine manner 
(Wan et al 2012). HB-EGF fails to stimulate the formation of MGPCs in avian and mouse 
in normal retina, but influences the formation and proliferation of MGPCs in damaged 
avian and mouse retinas (unpublished observation). Furthermore, the same study shows 
that HB-EGF stimulates not only MAPK-signaling in Müller glia/MGPCs, but also 
activates mTor- and Jak/Stat-signaling (unpublished observation). 
 
Notch signaling 
Notch-signaling is one of the signaling pathways that are necessary for retina 
development; Notch-signaling maintains progenitors in a proliferative, undifferentiated 
state in the early phases of retinal development (Furukawa et al 2000, Jadhav et al 2006a, 
Jadhav et al 2006b, Nelson et al 2011), and later it promotes the formation of Müller glia 
(Furukawa et al 2000, Nelson et al 2011). During retinal development in zebrafish,high 
levels of Notch-signaling inhibit neuronal differentiation, and the progenitors remain 
undifferentiated or become glia(Scheer et al 2001). During retina maturation, Notch 
expression levels are the highest in the peripheral retina, and decrease as the retina 
matures (Bao & Cepko 1997, Ghai et al 2010, Nelson et al 2011). In normal chick retina, 
Notch-signaling is maintained at low levels in Müller glia (Bernardos et al 2005, Ghai et 
al 2010, Hayes et al 2007), and in mouse, the Notch-related genes Dll3, Dll4, Hes1 and 
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Hes5 are expressed by Müller glia (Furukawa et al 2000, Nelson et al 2011). During the 
first 2 weeks of postnatal development of rodent retina Notch-signaling is necessary for 
glia formation (Nelson et al 2011). By comparison, in mature retina, inhibition of Notch-
signaling does not influence the Müller glia phenotype (Ghai et al 2010). After injury, 
zebrafish retina up-regulates deltaC, notch1 and notch3 (Raymond et al 2006, Yurco & 
Cameron 2005), and chick Müller glia up-regulate Notch1 and its target Hes5 (Ghai et al 
2010, Hayes et al 2007).Further, Notch-signaling is expressed by MGPCs and inhibition 
of Notch inhibits the proliferation of the MGPCs (Hayes et al 2007), and inhibition of 
Notch, after MGPCs have gone through the cell cycle, increases numbers of 
differentiated neurons in damaged retina (Hayes et al 2007). In normal chick retina, the 
proliferation of MGPCs caused by the combination of insulin and FGF2 occurs partially 
through the Notch pathway; exogenous aplication of insulin and FGF2 increase Notch-
signaling, and inhibition of Notch prevents the formation of MGPCs (Ghai et al 2010). 
Further, inhibition of Notch-signaling prevents FGF2- induced MAPK-signaling, hence 
the formation of MGPCs in mildly damaged retinas (Ghai et al 2010). In damaged mouse 
retina, treatment with EGF causes elevation of  Notch1 and Delta1 expression and 
increased proliferation of MGPCs (Karl et al 2008). Evidence shows that Notch-signaling 
stimulates the formation of Müller glia-derived spheres from rodent retina in vitro (Das et 
al 2006). Collectively, this data suggests that Notch is important for the formation of 
MGPCs, and that inhibition of Notch can increase neuronal differentiation of the glia-
derived progeny. However, unlike in birds, in damaged zebrafish retina, inhibition of 
Notch expands the zone of proliferating MGPCs, and increases in Notch-signaling 
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suppress the formation of MGPCs (Wan et al 2012). Further, elevated  Notch-signaling 
results in photoreceptor generation derived from the MGPCs at the expense of other 
neurons and Müller glia (Wan et al 2012). One major difference between fish, chick and 
rodents is the expression of Hes-related genes that are down-stream of Notch-signaling, 
and it would be interesting to assess whether the differences in the expression of these 
genes might cause the differences in the roles of Notch in these vertebrates.  
 
Sonic hedgehog (Shh) and hedgehog (Hh)-signaling 
Shh is a pleiotropic factor, and extensive evidence shows that,  in the developing 
retina, Shh acts as a mitogen for retinal progenitors, regulates the number of the ganglion 
cells, induces the formation of optic nerve glia, promotes neuronal survival, stimulates 
the differentiation of the RPE, promotes proper lamination, and supports Müller glial 
differentiation (Amato et al 2004, Stadler et al 2004, Wallace 2008, Yang 2004). In 
normal adult mouse retina, activation of Hh-signaling by adding Shh ligand does not 
affect the Müller glia (Wan et al 2007). Upon N-methyl-N-nitrosourea (MNU) retinal 
damage in mouse, exogenous Shh results in Müller glia de-differentiation and 
expressionof progenitor markers, and inhibition of Hh-signaling prevents Müller glial de-
differentiation and expression of progenitor markers (Wan et al 2007). Evidence obtained 
by single cell microarray shows that, in mouse, Müller glia express components of Hh-
signaling such as ptch, smo and Gli’s (Nelson et al 2011, Roesch et al 2008, Roesch et al 
2012). Recently, a study conducted in our lab has revealed that Hh-signaling influences 
the formation and proliferation of MGPCs in mature avian retina in vivo (Todd & Fischer 
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2015). Further, the same study shows that FGF2/MAPK-signaling recruits Hh-signaling 
into the signaling network that drives the formation of proliferating MGPCs (Todd & 
Fischer 2015).   
 
Ciliary Neuronotrophic Factor (CNTF) and Jak/Stat signaling 
It has been shown that, in normal fish retina, CNTF stimulates the proliferation of 
a subset of MGPCs via the Stat3 pathway (Nelson et al 2012), and  CNTF-mediated 
activation of the MAPK pathway results in protection of photoreceptors from light-
induced damage (Kassen et al 2009). CNTF acts mainly through the Jak/Stat pathway; 
however, zebrafish do not have a well-defined orthologue to CNTF, and it is possible that 
the stimulation of the MGPCs results from activation of receptors for other class-I 
cytokines such as Leukemia Inhibitory Factor (LIF) or IL6. These assumptions are based 
on the different effects of CNTF on Müller glia in fish compared to those seen in birds 
and mammals. In the chick and rodent retinas, CNTF/Jak/Stat-signaling stimulate glial 
reactivity indicated by up-regulation of GFAP, but fail to stimulate the formation of 
MGPCs (Fischer et al 2004a, Kahn et al 1997, Peterson et al 2000, Wang et al 2002). In 
the chick retina, when CNTF is applied before acute damage does not have an effect on 
MGPCs, and when CNTF is applied after acute damage results in suppression of the 
formation of proliferating MGPCs (Fischer et al 2004a). However, a recent study has 
shown that Jak-Stat signaling via CNTF synergizes with FGF2 signaling to amplify 
MGPCs proliferation in the absence of damage in avian retina in vivo (unpublished 
observation). Further, inhibition of gp130 or Stat3 signaling suppresses MGPCs 
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formation in the damaged and FGF2 stimulated retinas, and inhibition of gp130 shifts the 
fate of MGPCs towards neuronal differentiation at the expense of glial differentiation 
(unpublished observation). 
 
Transcription factors that influence Müller-glia derived progenitor 
 
The stem cell-like properties of Müller glia are regulated by a sophisticated 
coordination of stem cell and Müller glia transcription factors with secreted factors and 
signaling pathways. Transcription factors play an essential role in enabling the formation 
of MGPCs. Convincing evidence of the essential role of transcription factors in 
promoting “stemness” have been provided by studies regarding embryonic stem cells 
(ESCs) and induced pluripotent stem cells (iPSCs). Evidence shows that a small set of 
key transcription factors, including Sox2 (Avilion et al 2003), Oct3/4 (Nichols et al 1998, 
Niwa et al 2000), Nanog (Chambers et al 2003, Mitsui et al 2003), Klf4 (Takahashi & 
Yamanaka 2006), and c-myc (Cartwright et al 2005) are essential for maintaining self-
renewal and pluripotency of undifferentiated stem cells. For instance, Sox2 and Nanog 
positively regulate transcription of all pluripotency factors in the LIF- signaling pathway, 
which maintains the “stemness” of mouse embryonic stem cells (Niwa et al 2009). 
Furthermore, Sox2 combined with Oct4, c-myc and Klf4 are sufficient for producing 
iPSCs from fibroblasts (Takahashi & Yamanaka 2006). Müller glia express some of these 
key stem cell transcription factors. In normal retina, the Müller glial of avian and 
mammalian retinas express Sox2, and continue to express Sox2 when stimulated to 
become MGPCs (Fischer et al 2010b). A microarray analyses done in early postnatal 
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mice has demonstrated that Müller glia express n-myc, and Klf’s, including Klf4, Klf6, 
Klf9 and Klf10, which are upregulated during Müller glial maturation (Nelson et al 
2011). Furthermore, c-myc, sox2, nanog and oct4 may be expressed by MGPCs in 
regenerating zebrafish retina based on evidence suggesting that let- 7 is expressed by 
Müller glia to repress expression of retinal levels of c-myc and oct4, and this repression is 
alleviated in damaged retina where MGPCs are formed (Ramachandran et al 2010). In 
zebrafish, RT-PCR analyses have shown that the pluripotency factors oct4, klf4, and c-
mycA are expressed in uninjured retina, and are transiently increased around 15 hours 
post damage (Ramachandran et al 2010). In contrast, in the uninjured retina, pluripotency 
factors sox2, nanog and c-mycB are undetectable, but are induced between 15 and 48 h 
after injury (Ramachandran et al 2010). Unlike Müller glia in the fish retina, Sox2 is 
normally expressed by mature Müller glia in avian and mammalian species, including 
primates (Fischer et al 2010b). Upon FGF2 induction of MGPCs in avian retina, these 
cells express Klf4, while normal retina lacks Klf4 expression (Todd & Fischer 2015). It 
remains uncertain whether Nanog, Klf4 or Oct4 are expressed by Müller glia or MGPCs 
in the rodent retina, and whether Nanog and Oct4 are expressed bu Müller glia in the 
avian retina. 
Retinal stem cells are multipotent, and they give rise to all cell types during 
retinal histogenesis (Holt et al 1988, Jensen & Wallace 1997, Turner & Cepko 1987, 
Turner et al 1990, Wetts & Fraser 1988, Wong & Rapaport 2009). Transcription factors 
play a major role in providing retinal progenitors with the competencies of multipotency 
and proliferation. Evidence show that the eye field transcription factors Rx1, Pax6, Six6, 
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Six3, Tlx, Lhx2, and ET are involved in establishing retinogenic competence amongst 
neuroepithelial cells in Xenopus (Zuber et al 2003), though subtle variances may be 
present in different vertebrates. Further, in vertebrates,  Pax6, Rx1, Six3/6 and Lhx2 and 
Otx2 are expressed in the retinal anlage preceding the formation of the optic sulci 
(Crossley et al 2001, Furukawa et al 1997, Jean et al 1999, Kenyon et al 2001, Li et al 
1994, Mathers et al 1997, Oliver et al 1995, Walther & Gruss 1991), and Pax6, Rx1, 
Six3/6 and Lhx2 continue to be present during subsequent steps of retinal neurogenesis 
(Chow et al 1999, Jean et al 1999, Loosli et al 1999, Mathers et al 1997, Oliver et al 
1995, Walther & Gruss 1991, Zuber et al 1999). Combinations of homeodomain and 
basicHelix-Loop-Helix (bHLH) transcription factors are required for fate determination 
of different retinal cell types (reviewed by Marquardt 2003). For example, Pax6 is needed 
for the expression of bHLH transcription factors during the specification of multiple 
retinal cell types (reviewed by Marquardt & Pfaff 2001). Many of the eye field 
transcription factors have been identified in Müller glia and MGPCs, and it has been 
shown that the transcriptome of Müller glia overlaps significantly with that of retinal 
progenitors (Blackshaw et al 2004, Nelson et al 2011, Roesch et al 2008). In normal 
avian and mammalian retina Müller glia express the transcription factors Sox2 and Sox9 
(Fischer & Bongini 2010, Fischer et al 2009a, Fischer et al 2009b, Hayes et al 2007, 
Poche et al 2008). Moreover, normal Müller glia in the chick retina express low levels of 
Pax6, Six3 (Fischer 2005), Hes1 and Hes5 (Ghai et al 2010). Transcription factors that 
are active in embryonic retinal progenitors start to be expressed and up-regulated by 
Müller glia upon acute retinal damage. These transcription factors include Ascl1a, Pax6, 
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Chx10 (Fischer & Reh 2001a), Six3 (Fischer 2005), and the Notch related factors Hes1 
and Hes5 (Ghai et al 2010, Hayes et al 2007). Lhx2 is another transcription factor 
commonly expressed by retinal progenitors and mature Müller glia, thus Lhx2 may 
convey progenitor-like properties to Müller glia. It has been shown that the loss of Lhx2 
in mature Müller glia results in nonproliferative reactive phenotype (de Melo et al 2012). 
The eye field transcription factor Rx induces Hes1, and is involved in the differentiation 
of Müller glia (Furukawa et al 2000). Further, Rx is necessary for regeneration of larval 
Xenopus retina (Martinez-De Luna et al 2011). However, retinal regeneration in Xenopus 
may not involve Müller glia, and it remains uncertain whether Rx is expressed by 
MGPCs in warm-blooded animals.  
A number of studies have been focused on revealing the roles of transcription 
factors expressed by MGPCs. Pax6a and Pax6b are required at different times to facilitate 
the proliferation of MGPCs in zebrafish (Thummel et al 2010). Further, Pax6 is up-
regulated in MGPCs in rodent and avian retinas (Fischer & Reh 2001a, Karl et al 2008, 
Ooto et al 2004) and is anticipated to be necessary for the formation of MGPCs. 
Compelling evidence shows that, in zebrafish, the bHLH transcription factor Ascl1a is 
expressed within 4 hours of injury, and is necessary for Müller glial de-differentiation 
and retina regeneration (Fausett et al 2008, Ramachandran et al 2010). However, in 
chicks, MGPCs express Ascl1 about 48 h after injury (Fischer & Reh 2001a) and peaks at 
4 days after injury (Hayes et al 2007), long after the onset of injury-induced MAPK-
signaling in MGPCs has been observed (Fischer et al 2009a, Fischer et al 2009b). 
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Therefore the role of Ascl1 in retinal regeneration may be different in these animal 
models. 
 Recent studies have implicated gene repression in retinal regeneration. In 
zebrafish, the transcription factor Insm1a suppresses pro-progenitor in the MGPCs 
(Ramachandran et al 2012). In the embryonic mouse, Insm1 is expressed by retinal 
progenitors and nascent neurons (Duggan et al 2008). However, evidence is needed to 
assess whether Insm1a or related genes are expressed by Müller glia, and whether they 
are involved in the formation of MGPCs in the retinas of birds and mammals. Pax2 is 
known to negatively regulate Pax6, and induce glial cell fate (Graw 1996, Schwarz et al 
2000). In chick, Pax2 expression by mature Müller glia is strong in the central regions, 
and it gradually decreases with increasing distance toward the periphery (Boije et al 
2010, Stanke et al 2010). In addition, Pax2 is expressed by some Müller glia in central 
regions of the zebrafish retina (Boije et al 2010), in most of the Müller glia in central 
regions of the lizard retina (Romero-Aleman et al 2012), and it is not expressed by Müller 
glia in the mammalian retina (Stanke et al 2010). In Chick, upon acute retinal damage or 
treatment with insulin and FGF2, the expression levels of Pax2 are increased (Stanke et al 
2010). Müller glia in central regions of the chick retina, where Pax 2 is strongly 
expressed, have a reduced capacity to form MGPCs (Fischer et al 2002b, Fischer & Reh 
2001a), and it is possible that Pax2, by suppressing Pax6, negatively regulate the 
plasticity of Müller glia and inhibits the formation of MGPCs (Fig. 1.3). The roles of 
Pax2 in Müller glia and MGPCs remain to be functionally examined. 
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Figure 1.3 Schematic diagrams summarizing the signaling, transcription factors and 
interactions between glial cells when the Müller glia have been stimulated to become 
progenitor-like. Legend: orange arrow – proliferation or transdifferentiate, green line – 
activate, red line – inhibit or suppress, magenta text – increased, blue text – decreased, C- 
chick, M – mammal, F – fish. Abbreviations: FGF2 – fibroblast growth factor 2, EGF – 
epidermal growth factor IGF1 – insulin-like growth factor 1, CNTF – ciliary neurotrophic 
factor, ascl1a – acheate schute-like 1a, MAPK – mitogen activation protein kinase, Dll – 
Delta-like ligand, LMG – lysosomal membrane glycoprotein, GFAP – glial fibrillary acid 
protein, CRALBP – cellular retinaldehyde binding protein, GLAST1 – glutamate 
aspartate transporter 1. 
 
 
Retinal cells that influence Müller-glia derived progenitor 
MGPCs-mediated retinal regeneration is driven by factors and cellular signals 
with an unknown origin. It is uncertain whether the dying neurons release factors that 
directly stimulate the formation of MGPCs, or the reactive immune cells of the retina 
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(microglia/macrophages) and other glia populations are involved in mediating the 
formation of the MGPCs, or it is a combination of factors and signals derived from the 
dying neurons and the glial cells initiating MGPCs-mediated retinal regeneration. Studies 
show that the activity of microglia, astrocytes, astrocyte-like cells and Müller glia is 
synchronized in normal and damaged retinas (Harada et al 2002, Zelinka et al 2012). 
Microglia and astrocytes have been well characterized in the retina. There is a newly 
identified glia population in chick that is different from astrocytes, the non-astrocytic 
inner retinal glial cells (NIRG) (Fischer et al 2010a), that possibly influence the ability of 
Müller glia to become proliferating progenitor-like cells. Evidence suggests that NIRG-
like cells may exists in the retinas of primates and canines, however, they are absent in 
rodent retina (Fischer et al 2010b). Further, it has been shown that during embryonic 
development the non-astrocytic like cells originate from optic nerve progenitors 
(Rompani & Cepko 2010). NIRGs respond to neuronal damage, and reactive NIRGs can 
exacerbate retinal damage, causing retinal folds where the Müller glia are absent (Fischer 
et al 2010a).Upon generation of MGPCs, in normal or damaged retina, both the NIRGs 
and microglia are activated (Fischer 2011, Fischer et al 2002b, Fischer et al 2009a, 
Fischer et al 2010a, Zelinka et al 2012).  Furthermore, upon ablation of microglia the 
NIRGs cease to exist, showing that microglia are necessary for NIRGs survival and 
reactivity in chick retina (Zelinka et al 2012). On the other hand, it has been shown that 
in the developing zebrafish, microglia are necessary for normal retinal histogenesis; 
ablation of microglia results in delayed cell cycle exit of retinal progenitors and reduced 
neuronal differentiation, resulting in microphthalmia (Huang et al 2012). Together, these 
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findings suggest that the formation of MGPCs may require the synchronized activity of 
microglia, astrocytes and NIRG cells (Figure 1.3). However, functional studies that 
support these data need to be conducted. 
 
Neuroprotection- an alternative to regeneration 
Neuroprotection involves the preservation of the neurons damaged by trauma or 
disease. Given that the retina is exposed central nervous system tissue, thus more readily 
accessible for pharmacological interventions, makes the retina an ideal target for 
neuroprotection. In the retina, several factors and signaling pathways have been 
implicated in the preservation of the neurons. Evidence shows that modulation of the 
activity of the different glia populations of the retina can impact neuronal survival. 
Ablation of Müller glia results in photoreceptor deterioration and degeneration of the 
retinal vasculature in rodents (Lebrun-Julien et al 2009). Further, NMDA damage leads to 
reactive Müller glia and activation of the NFκB pathway, which in return triggers the 
production of TNFα by the Müller glia, and, as a consequence, the Ca2+-permeability of 
AMPA-receptors is increased resulting in diminished neuronal survival (Lebrun-Julien et 
al 2009). CNTF/Jak/Stat-signaling results in increased neuroprotection (Fischer et al 
2004a, Kahn et al 1997, Peterson et al 2000, Wang et al 2002), and in mature chick 
retina, application of  CNTF  before acute damage results in neuroprotection (Fischer et 
al 2004a). In mature chicken retina, inhibition of Notch-signaling results in decreased 
ability of the Müller glia to protect retinal neurons from acute damage (Ghai et al 2010). 
Exogenous insulin stimulates the reactivity of Müller glia, microglia and NIRG cells, and 
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predisposes retinal neurons to excitotoxic damage (Fischer et al 2009a). Conversely, 
evidence shows that stimulation of glia can result in neuroprotection; FGF2 /MAPK 
activation in Müller glia has neuroprotective effects (Fischer et al 2009a). Further, IL6 
treatment transiently protects the inner neurons, amacrine and bipolar cells, against an 
excitotoxic insult (Fischer et al 2015). 
Inflammation is detrimental to the survival of the neurons in the retina. Upon 
damage or disease, the microglia, the resident immune cells of the retina, and the 
infiltrating macrophages become reactive and release cytokines and chemokines that 
exacerbate damage resulting in the progression of age-related macular degeneration, 
glaucoma, and diabetic retinopathy (Buschini et al 2011, Karlstetter et al 2010, 
Langmann 2007, Xu et al 2009). It has been shown that microglial reactivity is 
detrimental to the survival of the ganglion cells and  photoreceptors in colchicine-
damaged retinas and retinal folds respectively (Fischer et al 2015).Further, in rodent 
retina, a comparison between Müller glia exposed to activated microglia and Müller glia 
undergoing gliosis revealed differences in gene expression and cell morphology (Wang et 
al 2011).  These findings suggest that activated microglia may impact Müller glia 
activity, possibly by directly exchanging pro-inflammatory and chemotactic cytokines in 
response to injury (Wang et al 2011).One strategy to promote neuronal survival is to 
suppress the activity of the microglia/macrophages. Activation of GCR-signaling in the 
Müller glia, its effects on dampening the activity of the microglia/macrophages, and the 
direct effects on the survival of the neurons is explored in this dissertation.  
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CHAPTER 2 
 
 
Glucocorticoid Receptors in the Retina, Müller Glia and the Formation of 
Müller glia-derived Progenitors 
 
Abstract 
Identification of the signaling pathways that influence the reprogramming of 
Müller glia into neurogenic retinal progenitors is key to harnessing the potential of these 
cells to regenerate the retina. Glucocorticoid Receptor (GCR)-signaling is commonly 
associated with anti-inflammatory responses and GCR agonists are widely used to treat 
inflammatory diseases of the eye even though the cellular targets and mechanisms of 
action in the retina are not well understood. We find that signaling through GCR has a 
significant impact upon the ability of Müller glia to become proliferating Müller glia-
derived progenitor cells (MGPCs). The primary amino acid sequence and pattern of GCR 
expression in the retina is highly conserved across vertebrate species, including chickens, 
mice, guinea pigs, dogs and humans. In all of these species we find GCR expressed by 
the Müller glia. In the chick retina, we find that GCR is expressed by progenitors in the 
circumferential marginal zone (CMZ) and is up-regulated by Müller glia in acutely 
damaged retinas. Activation of GCR-signaling inhibits the formation of MGPCs and 
antagonizes FGF2/MAPK-signaling in the Müller glia. By contrast, we find that 
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inhibition of GCR-signaling stimulates the formation of proliferating MGPCs in damaged 
retinas, and enhances the neuronal differentiation while diminishing glial differentiation. 
Given the conserved expression pattern of GCR in different vertebrate retinas, we 
propose that the functions and mechanisms GCR-signaling are highly conserved and are 
mediated through the Müller glia. We conclude that GCR-signaling directly inhibits the 
formation of MGPCs, at least in part, by interfering with FGF2/MAPK-signaling. 
 
Introduction 
The glucocorticoid receptor (GCR; nr3c1) is a nuclear hormone receptor with 
signaling that is associated with suppressing inflammation. Without bound ligand, GCR 
resides in the cytoplasm as an inactive oligomeric complex with molecular chaperones 
that maintain the receptor in a high-affinity hormone-binding state. Glucocorticoids bind 
to GCR to dissociate the receptor from the regulatory complex, GCR becomes 
phosphorylated at multiple sites, and dimerizes to translocate to the nucleus to influence 
transcription. The GCR dimer interacts with DNA by binding to specific nucleotide 
palindromic sequences known as Glucocorticoid Response Elements (GRE) or negative 
GRE (nGRE) (reviewed by Schaaf & Cidlowski 2002). Ligand bound GCR can activate 
or repress the expression of genes containing GRE or nGRE sites (reviewed by Schaaf & 
Cidlowski 2002).  
Previous studies have shown that GCR-signaling can suppress neurogenesis 
(Cameron & Gould 1994, Gould et al 1998, Karishma & Herbert 2002). During 
development, activation of GCR reduces the proliferation of the neural stem cells in 
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embryonic rat brain (Sundberg et al 2006). In the central nervous system, GCR is 
expressed in a context-specific manner with expression in neurons and glial cells in 
different parts of the brain (reviewed by De Kloet et al 1998). Furthermore, GCR has 
been detected in adult mouse hippocampal progenitor cells (Garcia et al 2004), and 
activation of GCR-signaling decreases the proliferation of these cells (Alonso 2000, 
Schroter et al 2009, Wong & Herbert 2006). GCR-signaling is known to influence late-
stages of retinal development, namely the differentiation of Müller glia. Cortisol, the 
endogenous ligand of GCR, is known to stimulate the expression of glutamine synthetase 
(GS) in embryonic chick retina (reviewed by Moscona & Linser 1983). In the developing 
chick retina, levels of GS are low until E15 and rapidly increase thereafter (Gorovits et al 
1994, Gorovits et al 1996, Grossman et al 1994), in parallel to adrenal cortex 
development and elevated systemic levels of glucocorticoid (Marie 1981). GS expression 
is a symptom of glial maturation and can be induced in immature Müller glia by 
exogenous glucocorticoids (Moscona & Linser 1983); this is likely a direct effect since 
GCR may be expressed by immature glia or late-stage retinal progenitors (Gorovits et al 
1994). By comparison, FGF2 inhibits the expression of GS in the developing retina 
(Kruchkova et al 2001), consistent with the notion that FGF-signaling promotes the de-
differentiation of Müller glia and maintains neural progenitors (reviewed by Fischer & 
Bongini 2010, Gallina et al 2014a). In the retinas of different vertebrate species, 
proliferating Müller glia-derived retinal progenitor cells (MGPCs) are generated in 
response to damage or activation of distinct cell-signaling pathways (reviewed by Fischer 
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& Bongini 2010, Gallina et al 2014a). The purpose of this study was to investigate how 
GCR-signaling influences the formation of MGPCs. 
 
Materials and Methods 
 
Animals 
The use of animals in these experiments was in accordance with the guidelines 
established by the National Institutes of Health and the Ohio State University. Newly 
hatched wild type leghorn chickens (Gallus gallus domesticus) were obtained from the 
Department of Animal Sciences at the Ohio State University or Meyer Hatchery (Polk, 
Ohio). Postnatal chicks were kept on a cycle of 12 hours light, 12 hours dark (lights on at 
8:00 AM). Chicks were housed in a stainless steel brooder at about 25
o
C and received 
water and Purina
tm
 chick starter ad libitum.  
Eyes were obtained post-mortem from C57BL/6 mice (Mus musculata; Dr. Karl 
Obrietan, Department of Neuroscience, The Ohio State University), guinea pigs (Cavia 
porcellus; Dr. Jackie Wood, Department of Physiology and Cell Biology, Ohio State 
University), dogs (Canis familiaris; Simon Petersen-Jones, Veterinary Sciences, 
Michigan State University) and human tissues (Drs. Cynthia Roberts and Colleen 
Cebulla, Department of Ophthalmology, The Ohio State University).  
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Intraocular injections 
Chickens were anesthetized and intraocular injections were performed as 
described previously (Fischer et al 2008, Fischer et al 2009a).  Injected compounds 
included NMDA (6.4 or 154 g/dose; Sigma-Aldrich), dexamethasone (100-200ng/dose; 
Sigma-Aldrich), CpdA (500ng/dose; Millepore), Aldosterone (200ng/dose; Sigma-
Aldrich), RU486 (1 g/dose; Sigma-Aldrich), FGF2 (200ng/dose; Sigma-Aldrich) and 
BrdU (1 g/dose; Sigma-Aldrich).  Hydrophobic compounds were diluted and injected in 
30% DMSO in saline.  Injection paradigms are included in the figures and legends.  
 
PCR 
Tissue dissections, RNA isolation, reverse transcriptase reactions and PCR 
reactions were performed as described previously (Fischer et al 2004a, Fischer et al 
2010a, Ghai et al 2010).  PCR primers were designed by using the Primer-BLAST primer 
design tool at NCBI (http://www.ncbi.nlm.nih.gov/tools/primer-blast/). Primer sequences 
and predicted product sizes are listed in supplemental table 2.1.    
For qPCR, reactions were performed using SYBR
tm
 Green Master Mix and 
StepOnePlus Real-Time system (Applied BioSystems). Samples were run in triplicate on 
at least 4 different samples. Ct values obtained from real-time PCR were normalized to 
GAPDH for each sample and the fold change between control and treated samples was 
determined using the 2-ΔΔCt method (=Fold Change 2(-ΔΔCt) ) and represented as a 
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percentage change from the control which was assigned a value of 100. Significance of 
difference for percent change was determined by using a non-parametric Mann-Whitney 
U test. 
 
 
Gene Forward primer 5’-3’ Reverse primer  5’-3’ Product size 
(bp) 
Gcr AAC CTG CTC TGG CTG 
ACT TC 
GCC TGA AGT CCG TTT 
CTC CA 
186 
hsd1 GGT GCA GAT GGT CTC 
ACA CA 
CAG AAA CTC GGG AGC 
AAG GT 
163 
hsd2 AAA GTC AGC CTC ATC 
CTG CC 
TGA ACT GCC GGT TGA 
TCT CC 
154 
Mcr TCA AAA CCA GAC ACA 
GCC GA 
GGT CCT CGA GAG GCA 
AGT TT 
124 
il6 TTA GTT CGG GCA CAA 
TCC TC 
GGT TCC TGA AAC GGA 
ACA AC 
72 
il6Rα AAA GAT GTG CTC TGC 
GAG TG 
AAC CTG CGC TTC ATC 
CAT AG 
80 
il1β GCA TCA AGG GCT ACA 
AGC TC 
CAG GCG GTA GAA GAT 
GAA GC 
131 
Tnfα AGC AGC GTT TGG GAG 
TGG GC 
GCA GAT GGG GCA GGA 
AAG CCA 
133 
adam17 AGC GAG TGC CCT CCT 
CCT GG 
TTG CAG GCA CAC GAG 
CGG AG 
125 
cNotch1 GGC TGG TTA TCA TGG 
AGT TA 
CAT CCA CAT TGA TCT 
CAC AG 
154 
Continued 
Table 2.1 PCR Primer sequences and predicted product sizes 
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Table 2.1 Continued 
Gene Forward primer 5’-3’ Reverse primer  5’-3’ Product size 
(bp) 
cDelta1 CAC TGA CAA CCC TGA 
TGG TG 
TGG CAC TGG CAT ATG 
TAG GA 
152 
cDll4 GGT CTG CAG CGA GAA 
CTA CT 
TGC AGT ATC CAT TCT 
GTT CG 
181 
cJag1 TGA TAA GTG CAT TCC 
ACA CC 
CAG GTA CCA CCA TTC 
AAA CA 
149 
cHes1 CGC TGA AGA AGG ATA 
GTT CG 
GTC ACT TCG TTC ATG 
CAC TC 
175 
cHes5 GGA GAA GGA GTT CCA 
GAG AC 
AAT TGC AGA GCT TCT 
TTG AG 
143 
ascl1a AGG GAA CCA CGT TTA 
TGC AG 
TTA TAC AGG GCC TGG 
TGA GC 
187 
c3 TCC CCC ATG AGG AAT 
GGG AT 
ATA GTC CAT GTC CCC 
AGG CT 
74 
c3aR CACT CGC ATA TGC CAA 
CAG C 
GCC TTT GCT CTG AAG 
TCC CT 
73 
Gapdh CAT CCA AGG AGT GAG 
CCA AG 
TGG AGG AAG AAA TTG 
GAG GA 
161 
 
 
Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) 
To identify dying cells that contained fragmented DNA the TUNEL method was 
used. We used an In Situ Cell Death Kit (TMR red; Roche Applied Science), as per the 
manufacturer’s instructions. 
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Fixation, sectioning and immunocytochemistry 
Tissues were fixed, sectioned and immunolabeled as described previously 
(Fischer et al 2011, Fischer et al 2009a). Working dilutions and sources of primary and 
secondary antibodies used in this study are listed in supplemental table 2.2. In the chick 
retina, the specificity of the GCR-immunolabeling was based on comparisons of 
expression patterns seen in a previous report (Gorovits et al 1994) and the identical 
patterns of labeling observed with 2 different polyclonal antibodies raised to different 
GCR epitopes.  
 
Antigen Working 
dilution 
Host Clone or catalog 
number 
Source 
Primary 
antibodies 
    
GCR 1:400 Rabbit PA1-511A Thermo Scientific 
GCR 1:500 Rabbit H-300 sc-
8992 
Santa Cruz 
Immunochemicals 
Sox2 1:1000 Goat Y-17 Santa Cruz 
Immunochemicals 
Sox9 1:2500 Rabbit AB5535 Millipore Billerica, MA 
Nkx2.2 1:80 Mouse 74.5A5 Developmental Studies 
Hybridoma Bank 
(DSHB) Iowa City, IA 
Continued 
Table 2.2 Antibodies, sources and working dilutions 
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Table 2.2 Continued 
Antigen Working 
dilution 
Host Clone or catalog 
number 
Source 
Primary 
antibodies 
    
TopAP 1:100 Mouse 2M6 Dr. P. Linser, University 
of Florida 
BrdU 1:200 rat OBT00030S AbD Serotec, Raleigh, 
NC 
Egr1 1:1000 Goat AF2818 R&D Systems 
pERK1/2 1:200 Rabbit 137F5 Cell Signaling 
Technologies 
cFos 1:400 Rabbit K-25 Santa Cruz 
Immunochemicals 
pS6 1:400 Rabbit 2215 Cell Signaling 
Technologies 
Neurofilame
nt 
1:50 Mouse RT97 DSHB 
CD45 1:200 Mouse HIS-C7 Cedi Diagnostic 
p38 MAPK 1:400 Rabbit 12F8 Cell Signaling 
Technologies 
pCREB 1:500 Rabbit 87G3 Cell Signaling 
Technologies 
Secondary 
antibodies 
    
Goat IgG 1:1000 Donkey Alexa488/568 Invitrogen 
Continued 
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Table 2.2 Continued 
Antigen Working 
dilution 
Host Clone or catalog 
number 
Source 
Secondary 
antibodies 
    
Rabbit IgG 1:1000 Goat Alexa488/568
/647 
Invitrogen 
Mouse IgG 1:1000 Goat Alexa488/568
/647 
Invitrogen 
Rat IgG 1:1000 Goat Alexa488 Invitrogen 
 
 
Photography, cell counts and statistics 
Digital photomicroscopy was performed as described in previous studies (Fischer 
et al 2008, Fischer et al 2010a, Ghai et al 2009, Ghai et al 2010).  Similar to previous 
studies (Fischer et al 2009a, Fischer et al 2009b, Fischer et al 2010a, Ghai et al 2009), 
immunofluorescence was quantified by using ImagePro 6.2 (Media Cybernetics, 
Bethesda, MD, USA). The mean area, intensity and density sum was calculated for the 
pixels within threshold regions from ≥4 different retinas for each experimental condition. 
GraphPad Prism 6 was used for statistical analyses. Significance of difference was 
determined between two treatment groups by using a two-tailed, unpaired t-test.     
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RESULTS 
 
GCR is expressed by Müller glia in the retinas of different vertebrates 
An alignment of primary amino acid sequences indicated that GCR is highly 
conserved among different vertebrates, including human, monkey, mouse, guinea pig and 
chick. We found a very high level (83–100%) of sequence identity among vertebrate 
species when compared to human GCR protein (Table 2.3). Accounting for conservative 
amino acid substitutions, we found very high (≥92%) sequence conservation among GCR 
sequences from different vertebrates (Table 2.3).  
 
Species Identity % Positives % 
Zebrafish 284/340 83 315/340 92 
Chicken 314/337 93 332/337 98 
Frog 299/340 87 326/340 95 
Mouse 330/340 97 335/340 98 
Guinea Pig 283/340 83 315/340 92 
Dog 329/340 96 335/340 98 
Macaca 340/340 100 340/340 100 
 
Table 2.3 GCR protein sequence homology across species referenced to Homo 
Sapiens: protein–protein BLAST. Identity refers to identically matched amino acids. 
Positives accounts for substitutions with similar amino acids. 
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Given that the primary amino acid sequence of GCR is highly conserved among 
warm-blooded vertebrates, we expected that pharmacological agents and antibodies 
designed to act at human GCR will act selectively at GCR in other warm blooded 
vertebrates. Accordingly we used antibodies to GCR to characterize patterns of 
expression in the retinas of different vertebrates. Retinas were labeled with different 
antibodies raised to human GCR and Sox2, a well established marker for glia in normal, 
healthy mammalian retinas (Fischer et al., 2010). GCR was observed primarily in the 
Sox2 positive nuclei of Müller glia in mouse, guinea pig, dog and human retina (Figs. 
2.1a-l). The labeling for GCR in the nuclei of Müller glia was uniform across central and 
peripheral regions of the retina. In addition to labeling the nuclei of Müller glia, we 
observed GCR immunofluorescence in the nuclei of a few scattered cells in the inner 
retinal layers (Fig. 2.1). The identity of these cells remains uncertain.  
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Figure 2.1 GCR is expressed by Müller glia in the retinas of different vertebrates.            
(A-L) Retinal sections from adult mouse (A-C), guinea pig (D-F), dog (G-I) and human 
(J-L) were labeled with antibodies to GCR [green; H-300 polyclonal (A-C) and PA1-
511A polyclonal (D-L)] and Sox2 (red). Large arrows indicate Müller glia cells labeled 
for Sox2 and GCR; pairs of small arrows indicate presumptive cholinergic amacrine 
cells; hollow arrowheads indicate putative glial cells that are labeled for Sox2 and GCR 
in the inner layers of the retina; empty arrowheads indicate GCR positive Sox2 negative 
cells. ONL, outer nuclear layer; INL, inner nuclear layer; IPL, inner plexiform layer; 
GCL, ganglion cell layer. Scale bar: 50 µm. 
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In the developing chick retina, antibodies raised to human GCR produce nuclear 
labeling in Sox2 positive Müller glia in late stage (E14-E16) embryos (not shown), 
consistent with previous reports (Gorovits et al 1994). In post hatch chick retina, 
immunofluorescence for GCR was elevated in Müller glia in peripheral regions compared 
to levels seen in central regions of the retina (Fig. 2.2a). Similar to patterns of expression 
in mammalian retinas, GCR was detected primarily in the Sox2 positive nuclei of Müller 
glia and colocalized to TOPAP-positive Müller glia (Figs. 2.2b,c).  TOPAP is a member of 
sarcolemmal membrane associated protein family that is expressed by Müller glia and 
recognized by the 2M6 monoclonal antibody (Ochrietor et al 2010). In addition, GCR is 
expressed by the non astrocytic inner retinal glia (NIRG) cells as indicated by overlap of 
labeling for GCR, Sox2 and Nkx2.2 (Fig. 2.2b). NIRG cells have been identified as a 
distinct type of glial cell in the retina (Fischer et al 2010a, Zelinka et al 2012). Levels of 
GCR expression in Müller glia increase towards the periphery of the retina with the 
highest levels detected in the progenitors in the circumferential marginal zone (CMZ) and 
the non-pigmented epithelial cells of the pars plana (Figs. 2.2a,d,e). We did not observe 
GCR expression in CD45 positive microglia (not shown). The conserved sequence, as 
well as the near identical expression patterns among retinal cell types, implies that the 
functions of GCR are important and well conserved.  
 
GCR expression is dynamic in damaged retinas 
We next examined whether expression levels of GCR were influenced by 
NMDA-induced retinal damage where Müller glia are known to become proliferating 
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progenitor-like cells (reviewed by Fischer & Bongini 2010, Gallina et al 2014a). By 
using immunofluorescence, GCR appears to be upregulated by Sox2 positive Müller glia 
at 1 and 2 days after NMDA treatment (Figs. 2.2g-i). At 3 days after damage, when the 
appearance of the MGPCs is observed, and the Sox2-positive nuclei in the INL 
delaminate, GCR expression is maintained by MGPCs (Fig. 2.2j). In damaged retinas, we 
did not observe GCR expression in CD45 positive microglia (data not shown). qPCR 
analysis showed that GCR mRNA levels after NMDA-induced damage quickly, within 4 
hrs, increase above the pre-damage levels (Fig. 2.2k).  GCR levels remained elevated at 
one day after treatment, and then fall to predamage levels by day two, and further 
decrease below the predamage levels by day three (Fig. 2.2k).  
To better understand the dynamics of GCR-signaling and how cortisol levels are 
regulated in damaged retinas, we measured the levels of cortisol processing enzymes 
11β-hydroxysteroid dehydrogenase type 1 (HSD1) that converts inactive cortisone to 
active cortisol, and 11β-hydroxysteroid dehydrogenase type 2 (HSD2) that converts 
cortisol to cortisone. qPCR analysis demonstrated that, in contrast to GCR, HSD1 levels 
do not change by 4 hours after NMDA treatment, decrease slightly by day one, increase 
significantly by day two, and decrease by day three (Fig. 2.2l). By comparison, HSD2 
levels increase at four hours after NMDA treatment and fall to control levels in the 
following days (Fig. 2.2m). Collectively, these data indicate that GCR-signaling is 
dynamic following NMDA-induced damage.  
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Continued 
 
Fig. 2.2. In the chick eye, GCR is expressed by Müller glia in peripheral regions of 
the retina, circumferential marginal zone (CMZ) progenitors and non-pigmented 
epithelial (NPE) cells of the pars plana of the ciliary body. (A-I) GCR expression is 
transiently increased in Müller glia in damaged retinas. Retinas were labeled with 
antibodies to GCR (PA1-511A rabbit polyclonal; green), Sox2 (red; B,D-I), Nkx2.2 
(magenta; B) and TopAP (red; C). Sections were obtained from different regions of the 
retina (A-C), CMZ (D) and pars plana of the ciliary body (E). (F-I) Sox2 (red) is included 
as a partial field overlay to indicate nuclear colocalization with GCR (green) in Müller 
glia and NIRG cells. Images were taken from mid-temporal regions of the retina from 
control (F), or 1 (G), 2 (H) or 3 (I) days after treatment with 2 micromoles of NMDA. 
Large arrows indicate the nuclei of Müller glia; arrowheads indicate Sox2/Nkx2.2/GCR-
positive NIRG cells; pairs of small arrows indicate cholinergic amacrine cells. Scale bar: 
50 µm (bar in I applies to F-I). CMZ, ciliary marginal zone; PE, pigmented epithelium of 
the ciliary body; NPE, non-pigmented epithelium of the ciliary body. (J-L) qRT-PCR was 
used to measure relative levels mRNA for Gcr (J), Hsd1 (K) and Hsd2 (L) at 4 h, 1 day, 2 
days and 3 days after NMDA treatment. Data are mean±s.d. (n≥5) of the relative 
percentage change in mRNA levels. The significance of differences between control and 
treated groups was determined by using a two-tailed Mann-Whitney U-test (*P<0.05; 
**P<0.01; ns, not significant). 
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Figure 2.2 Continued 
 
 
 
 
Activation of GCR-signaling inhibits the formation of MGPCs  
To test whether activation of GCR has an impact on the formation of MGPCs, we 
made intraocular injections of the GCR agonists dexamethasone (Dex) or Compound A 
(CpdA) following NMDA-induced damage and probed for proliferation (Fig. 2.3).  Cell 
proliferation is an integral aspect of the transition of Müller glia to MGPCs (reviewed by 
Fischer & Bongini 2010, Gallina et al 2014a, Karl & Reh 2010).  Following NMDA-
induced damage, the MGPCs enter S-phase of the cell cycle in synchrony at 2 days after 
treatment, thereby enabling effective BrdU labeling of the MGPCs and their progeny 
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(Fischer & Reh 2001a).  In the chick retina, MGPC proliferation is prominent in 
peripheral regions of the retina, where the Müller glia are believed to less mature than in 
central retina (reviewed by Fischer 2005), and where we find persistent expression of 
GCR (see Fig. 2.2a). Application of 100ng/dose of Dex after NMDA treatment decreased 
the number of the proliferating MGPCs by about 50% (Fig. 2.3c), while having no effect 
on the proliferation of NIRG cells (Fig. 2.3d).  We probed for the proliferation of the 
NIRG cells because these glia, like the Müller glia, express GCR (see Fig. 2.2b).  
Application of 200ng of Dex after NMDA treatment decreased the number of the 
proliferating MGPCs by about 90% (Fig. 2.3e), while having no effect on the 
proliferation of NIRG cells (Fig. 2.3f).  
Dex activates both the GCR dimer and monomer, and does not discriminate 
between GCR dependent transcriptional changes and changes in cell signaling pathways. 
By comparison, CpdA activates only the monomeric form of GCR that interacts with 
cytoplasmic proteins (De Bosscher et al 2010, De Bosscher et al 2005). To better 
characterize whether activated GCR-signaling suppresses the formation of MGPCs 
because of GCR dependent transcription or GCR dependent protein-protein interactions, 
CpdA was applied after NMDA treatment (Fig. 2.3). The number of proliferating MGPCs 
was decreased by about 50% (Fig. 2.3g), whereas the proliferation of NIRG cells was 
unaffected (Fig. 2.3h). These results suggest that GCR-mediated changes in both 
transcription and cell signaling inhibit the proliferation of MGPCs in damaged retinas. 
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Figure 2.3. Activation of GCR signaling inhibits the formation of MGPCs in 
peripheral regions of damaged retinas. (A,B) Eyes were injected with 2 micromoles of 
NMDA at P6, and vehicle (DMSO; A), 100 ng Dex (n=13), 200 ng Dex (n=9) (B) or 500 
ng CpdA (n=5) at P7 and P8, and BrdU at P8. Retinas were harvested at P9 and 
processed for immunolabeling. Retinas were labeled for BrdU (green), Nkx2.2 (magenta) 
and Sox2 (red). Arrows indicate BrdU
+
/Sox2
+
/Nkx2.2
−
 MGPCs; hollow arrowheads 
indicate BrdU
+
/Sox2
+
/Nkx2.2
+
 NIRG cells. Scale bar: 50 µm. (C-H) Data are mean±s.d. 
The number of BrdU-positive Müller glia (C,E,G) or NIRG cells (D,F,H) in peripheral 
regions of the retina, where proliferating MGCPs are known to form (Fischer et al., 
2002; Fischer and Reh, 2001). The significance of any differences (*P<0.05; **P<0.01; 
***P<0.001; ns, not significant) was determined using a two-tailed unpaired t-test. 
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To better understand how GCR-signaling inhibits the formation of MGPCs, we 
probed for different factors that are known to influence MGPCs. Levels of retinal damage 
are known to influence the formation of MGPCs (Fischer & Reh 2001a, Fischer et al 
2004b). Therefore, we probed for levels of cell death in retinas treated with Dex or CpdA. 
Injections of Dex or CpdA into normal, healthy eyes had no effect upon cell survival or 
the reactivity of Müller glia (data not shown). By contrast, injections of Dex or CpdA 
following NMDA treatment decreased the number of dying cells by about 50% (Figs. 
2.4a-e).  
We have found that reactive microglia stimulate the formation of MGPCs in 
damaged and undamaged retinas (Fischer et al 2014a). Since Dex is known to suppress 
microglial reactivity in the brain (reviewed by Herrera et al 2005), we probed for changes 
in the microglia in damaged retinas treated with Dex. We found that Dex inhibited 
microglia reactivity; levels of CD45 were significantly reduced in Dex/NMDA treated 
retinas compared to levels seen in retinas treated with vehicle/NMDA (Figs. 2.4f-h). 
Although microglial reactivity was reduced in retinas treated with Dex/NMDA, retinal 
levels of proinflammatory cytokines, including IL1β, IL6, TNFα and the TNFα-
processing enzyme Adam17, were unchanged by Dex (data not shown).  
We next probed for changes in the expression of different genes known to 
influence the reprogramming of Müller glia to MGPCs. Activated Notch-signaling and 
upregulation of ascl1a are known to stimulate the formation of MGPCs in the retina 
(Fausett et al 2008, Ghai et al 2010, Hayes et al 2007, Pollak et al 2013). Consistent with 
previous reports (Hayes et al 2007), we found increases in retinal levels of cDelta1, Dll4, 
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Jag (not shown), Notch1, Hes5 and ascl1a (Fig. 2.4i) at 3 days after NMDA treatment. 
However, Dex treatment following NMDA did not influence the elevated levels of 
cDelta1, Dll4, Jag (not shown), Notch1, Hes5 or ascl1a (Fig. 2.4i). Components of the 
complement system are known to stimulate retinal regeneration in the embryonic chick 
(Haynes et al 2013). In NMDA-damaged retinas treated with Dex, we found that retinal 
levels of C3 were significantly reduced, whereas levels of C3aR were unaffected (Fig. 
2.4i).   
Spred1 (sprouty-related, EVH1 domain containing 1), an intracellular antagonist 
of MAPK-signaling, is expressed by Müller glia in normal and damaged retinas (Roesch 
et al 2008, Roesch et al 2012). We found that Spred1 is transiently downregulated at 1 
day after NMDA treatment (not shown), whereas levels of Spred1 return to control levels 
at 3 days after NMDA treatment (Fig. 2.4i). Interestingly, there were significant increases 
in levels of Spred1 in Dex/NMDA treated retinas (Fig. 2.4i). Since levels of a the MAPK 
inhibitor, Spred1, were elevated with Dex treatment, and FGF2/MAPK-signaling is 
known to stimulate Pax6 expression in developing ocular tissues (Ashery-Padan & Gruss 
2001, Shaham et al 2012), we probed for Pax6 in MGPCs in NMDA/Dex treated retinas. 
The up regulation of Pax6 is an important step in the reprogramming of glia, including 
Müller glia, into progenitor-like cells (Heins et al 2002, Thummel et al 2010). Levels of 
Pax6 appeared to be marginally reduced in MGPCs in NMDA/Dex treated retinas 
compared to levels seen in MGPCs in NMDA treated retinas (Fig. 2.4j,k). 
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Figure 2.4. In NMDA-damaged retinas, Dex inhibits microglial reactivity, decreases 
retinal levels of the complement ligand precursor C3, increases levels of the MAPK 
inhibitor Spred1 and has little effect on levels of Pax6 in MGPCs. (A-M) Eyes were 
injected with 2 micromoles of NMDA at P6, and vehicle (DMSO) or 200 ng Dex at P7 
and P8. Retinas were harvested at P9 and labeled using TUNEL (A-D) or Draq5 (nuclei; 
F,G), and antibodies to CD45 (F,G), Sox9 (J,K), Pax6 (J,K) or neurofilament (NF-H, 200 
kDa) (L,M). Pairs of small arrows indicate microglia (F,G). (E) Data show the mean±s.d. 
percentage change in TUNEL-positive cells in the retina. The significance of any 
differences (*P<0.05) was determined using a two-tailed Mann-Whitney U-test. (H) Data 
are mean (±s.d.) of total area for pixel intensities, intensity mean and the density sum for 
CD45 immunofluorescence. The significance of any differences between control and 
treated groups was determined using a two-tailed t-test (*P<0.05, **P<0.01). (I) qRT-
PCR was used to measure the mean (±s.d.; n≥5) percentage change of mRNA levels for 
Notch1, Hes5, C3, C3aR and Spred1. The significance of any differences between control 
and treated groups was determined using a two-tailed Mann-Whitney U-test (*P<0.05; 
ns, not significant). (J,K) Sox9 (red) is included as a partial field overlay to indicate 
nuclear colocalization with Pax6 (green) in Müller glia. (J-M) Arrows indicate Müller 
glia. (N) Data are the mean (±s.d.) number of neurofilament-positive MGPCs in the 
retina. The significance of any differences (**P<0.01) was determined using a two-
tailed t-test. Scale bars: 50 µm (bar in G applies to A-G; bar in K applies to J,K; bar in M 
applies to L,M). 
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The transient expression of neurofilament is symptomatic of Müller glial 
reprogramming and the formation of MGPCs in response to damage or treatment with 
FGF2 (Fischer et al 2004a, Fischer & Reh 2001a). In addition, there is a near perfect 
overlap of neurofilament with Sox2 and phospho-Histone H3, a marker of proliferating 
cells in M-phase (unpublished observations). Thus, we examined whether Dex influenced 
the expression of neurofilament in MGPCs. We found that Dex treatment after NMDA 
reduced the number of Sox2/neurofilament-positive MGPCs by more than 50% (Figs. 
2.4l-n). 
The ligand binding domain of GCR is similar (58% identities; 76% positives) to 
that of the mineralocorticoid receptor (MCR or nr3c2). Therefore, Dex, CpdA and 
RU486 act at MR, albeit with low affinity (Robertson et al 2010). In addition, MCR is 
known to be expressed by Müller glia in the rat retina (Zhao et al 2010). Thus, we tested 
whether mcr expression was affect by NMDA treatment, and whether the MR preferring 
ligand aldosterone influences the formation of MGPCs in NMDA damaged retinas. We 
found that levels of mcr where unchanged at 4 hrs after NMDA, and where decreased at 
24, 48 and 72 hrs after NMDA (Fig.2.5). At doses that provided an initial maximal molar 
equivalent to that of Dex, we found that aldosterone had no effect upon numbers of 
proliferating MGPCs or NIRG cells (Fig.2.5). In addition, aldosterone had no effect upon 
FGF2-induced accumulations pERK1/2, cFos, Egr1 or pS6 in Müller glia (Fig.2.5). 
Collectively, these findings suggest that MCR-signaling has little or no effect upon the 
formation of MGPCs and FGF2/MAPK-signaling in the Müller glia. 
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Continued 
Figure 2.5. Levels of mcr are decreased after NMDA treatment, the MCR agonist 
aldosterone has little effect upon the proliferation of MGPCs, and aldosterone does 
not influence FGF2/MAPK-signaling. a; qRT-PCR was used to measure levels of 
mRNA for mcr at 4 hrs, 1 day, 2 days and 3 days after NMDA treatment. The histogram 
illustrates the mean (±SD; n=4) percentage change of mRNA. Significance of difference 
between control and treated groups was determined by using a two-tailed Mann-Whitney 
U-test (**p<0.01, ns-not significant). b and c; histograms illustrate the mean (±SD; n=8) 
number of proliferating MGPCs or NIRG cells per field of view in retinas treated with 
NMDA + vehicle (control) or NMDA + aldosterone (treated). Significance of difference 
(ns - not significant) for treated vs control data sets was determined by using a two-tailed, 
paired t-test. d-k; Retinas were obtained from eyes that were injected 2 consecutive days 
with FGF2 ± aldosterone, and harvested 24 hrs after the last injection. Retinal sections 
were labeled with antibodies to pERK1/2 (d and e; green), cFos (f and g; green), Egr1 (h 
and i; green), pS6 (j and k; green), Sox2 (d-g, j, k; red) or Sox9 (h and i; red).  Hollow 
arrow-heads indicate the nuclei of Müller glia. The 50 µm bar in k applies to d-k. 
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Figure 2.5 Continued 
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Activation of GCR-signaling inhibits FGF2-induced MAPK and mTor signaling 
pathways in the Müller glia 
Previously, we have shown that FGF2 selectively activates MAPK-signaling in 
Müller glia; intraocular injections of FGF2 stimulate Müller glia to upregulate pERK1/2, 
Egr1, cFos and pCREB and become primed to form MGPCs (Fischer et al 2009a). GCR- 
and MAPK-signaling can interact antagonistically via transcriptional and cell signaling 
mechanisms (reviewed by Ayroldi et al 2012). Accordingly, we tested whether activation 
of GCR-signaling influences the effects of FGF2 on the Müller glia. We found that Dex 
prevented FGF2-mediated upregulation of pERK1/2, Egr1 and cFos selectively in the 
Müller glia (Fig. 2.6a-c,e,f). Although GCR-signaling is known to inhibit p38 MAPK 
(Brewer et al 2003), we did not find decreased levels of p38 in FGF2/dex treated retinas 
(not shown). These results indicate that FGF2/MAPK-signaling in the Müller glia is 
inhibited by GCR-signaling. 
Akt/mTor-signaling is known to stimulate cell growth and proliferation in many 
different cell types, including neural stem cells (Magri & Galli 2013, van Wijngaarden & 
Franklin 2013). There is also evidence that the Akt/mTor pathway can be activated by 
FGF2/MAPK-signaling via crosstalk (reviewed by Ciuffreda et al 2013, De Luca et al 
2012). A readout of Akt-mTor-signaling is pS6, a component of the 40S ribosomal 
subunit which is phosphorylated at multiple sites by S6 Kinase (S6K), downstream of 
mTor activation (Dufner & Thomas 1999). In untreated retinas, levels of pS6 in Müller 
glia are below levels of detection (not shown), whereas levels of pS6 are dramatically 
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upregulated in Müller glia by FGF2 (Fig. 2.6d). We found that FGF2-induced 
accumulation of pS6 in the Müller glia is inhibited by Dex (Fig. 2.6d-f). 
 
Continued 
Figure 2.6. In uninjured retina, activation of GCR signaling inhibits FGF2-induced 
MAPK and mTor signaling pathways in the Müller glia. Eyes were injected with 
FGF2 alone (control) or with 200 ng FGF2+200 ng dexamethasone (treated) at P6 and 
P7. The retinas were harvested at P8 and labeled for pERK and Sox2 (A), Egr1 and Sox9 
(B), Fos and Sox2 (C), and pS6 and Sox2 (D). Arrows indicate the nuclei of Müller glia. 
(E,F) Data are mean (±s.d.; n=6) area sum and density sum immunofluorescence. The 
significance of any difference between control and treated groups was determined using a 
two-tailed t-test (*P<0.05; **P<0.01; ***P<0.001; ns, not significant). Scale bar: 50 µm. 
55 
 
 
Figure 2.6 Continued 
 
 
We next tested whether activation of GCR-signaling inhibits FGF2-induced 
proliferation of MGPCs. A low dose of NMDA followed by injections of FGF2 
stimulates the formation of proliferating MGPCs (Ghai et al 2010). Since activation of 
GCR inhibited FGF2/MAPK-signaling in undamaged retinas, we hypothesized that Dex 
would inhibit the formation of MGPCs formed by FGF2 treatment in damaged retinas. 
Indeed, the number of proliferating MGPCs was significantly decreased, by nearly 90%, 
by Dex in FGF2/NMDA treated retinas, whereas numbers of proliferating NIRG cells 
were unaffected (Fig. 2.7a-d). These findings indicate that activation of GCR-signaling 
overrides FGF2-mediated formation of MGPCs in damaged retinas. We next tested 
whether GCR-signaling overrides FGF2-induced formation of MGPCs in the absence of 
retinal damage. We have found that 4 consecutive daily injections of FGF2 stimulates the 
formation of proliferating MGPCs, this proliferation requires the presence of reactive 
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microglia, and occurs in the absence of damage (Fischer et al., 2014). We found that co-
application of Dex with FGF2 reduced the number of proliferating MGPCs by nearly 
75%, whereas numbers of proliferating NIRG cells were unaffected (Fig. 2.7e-h). To 
examine how Dex might influence FGF2-mediated reprogramming of Müller glia we 
probed for changes in gene expression by using real time RT-PCR.  FGF2 is known to 
upregulate levels of cNotch1, Hes5 and ascl1a in Müller glia in the absence of retinal 
damaged (Ghai et al 2010).  We found that co-application of Dex with FGF2 significantly 
reduced levels of Notch1, Hes5, ascl1a and components of the complement system, C3 
and C3aR (Fig. 2.7i).  Unlike Dex treatment following NMDA, co-application of Dex 
with FGF2 decreased levels of the MAPK antagonist spred1 (Fig. 2.7i).  
Given that GCR-signaling inhibits FGF2/MAPK-signaling in Müller glia (see Fig. 
2.6) and FGF2 primes Müller glia to become more progenitor-like (Fischer et al 2009a, 
Fischer et al 2009b), we tested whether there is a reciprocal influence of FGF2 upon 
GCR-signaling in the retina. We found that 3 consecutive daily injections of FGF2 had 
no influence on retinal levels of GCR, whereas levels the cortisol activation enzyme 
HSD1 is downregulated and the cortisol inactivating enzyme HSD2 is upregulated (Fig. 
2.7j). This finding suggests that FGF2/MAPK-signaling may, at least in part, prime 
Müller glia to become proliferating MGPCs by decreasing retinal levels of cortisol and 
decreasing GCR-signaling. 
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Figure 2.7. Activation of GCR signaling inhibits FGF2-induced formation of 
proliferating MGPCs. (A,B) Eyes were injected with 200 nanomoles of NMDA at P6, 
200 ng FGF2±200 ng Dex at P7 and P8, and BrdU at P8. Retinas were harvested at P9. 
(E,F) Eyes were injected FGF2±Dex at P6, P7, P8 and P9, with BrdU included with the 
injection at P9. Retinas were harvested at P10. Retinas were labeled for BrdU (green), 
Sox9 (red) and Nkx2.2 (magenta). (A,B,E,F) Arrows indicate 
BrdU
+
/Sox2
+
/Nkx2.2
−
 MGPCs; hollow arrowheads indicate BrdU
+
/Sox2
+
/Nkx2.2
+
NIRG 
cells. Scale bar: 50 µm. (C,D,G,H) Data are mean [±s.d.; n=6 (C,D); n=8 (G,H)] BrdU-
positive Müller glia or NIRG cells in peripheral regions of the retina. The significance of 
any difference (*P<0.05; **P<0.01; ***P<0.001; ns, not significant) was determined 
using a two-tailed t-test. To assess how Dex influenced FGF2-induced reprogramming of 
Müller glia, we probed for changes in mRNA levels of Notch1, Hes5, Ascl1a, C3, C3aR 
and Spred1. (I) Data are mean (±s.d.; n≥4) percentage change of mRNA in retinas treated 
with FGF2 versus FGF2+Dex. (J) Data are mean (±s.d.; n=4) percentage change of 
mRNA from retinas treated with saline versus FGF2. The significance of differences was 
determined using a two-tailed Mann-Whitney U-test (*P<0.05, ns, not significant). 
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Inhibition of GCR-signaling induces the proliferation of MGPCs 
Since activation of GCR inhibited the formation of MGPCs, we tested whether 
inhibition of GCR stimulated the formation of MGPCs. We applied 4 consecutive daily 
injections of RU486, an antagonist at both progesterone and GCR receptors, and found 
that proliferating MGPCs were not stimulated (not shown). This finding suggests that 
blockade of GCR is not sufficient to induce the formation of MGPCs in undamaged 
retinas.     
Previously, we have shown that a relatively low dose of NMDA primes Müller 
glia to become MGPCs, without leading to proliferation (Fischer & Reh 2001a, Ghai et al 
2010). Therefore, we sought to test whether inhibition of GCR-signaling induces the 
formation of MGPCs following a moderate insult. The number of the proliferating 
MGPCs was increased by nearly 6 fold when RU486 was applied following a moderate 
NMDA insult (Fig. 2.8a-c). By comparison, treatment with RU486 following NMDA had 
no effect on the number of proliferating NIRG cells (Fig. 2.8d). Injections with RU486 
following NMDA treatment had no significant effect upon cell death (Fig. 2.8e-g) and no 
effect upon microglial reactivity (not shown), suggesting the RU486-mediated increases 
in MGPC proliferation are not secondary to increases in retinal damage or microglial 
reactivity. 
We next investigated the specificity of RU486 given that this molecule acts at 
both GCR and the progesterone receptor. Accordingly, we applied Dex, which has no 
demonstrated specificity for the progesterone receptor, with RU486 following a relatively 
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low dose of NMDA. We found that Dex prevented the proliferation of MGPCs that 
otherwise resulted from RU486 treatment in NMDA-damaged retinas (Fig. 2.8h). The 
proliferation of NIRG cells was not influenced by treatments with Dex and RU486 in 
damaged retinas (Figs. 2.8i). These results suggest that RU486 mediated formation of 
MGPCs results from the inhibition of GCR-signaling. 
We tested whether activation of MAPK-signaling with FGF2 and inhibition of 
GCR-signaling with RU486 acts synergistically to stimulate the formation of MGPCs.  
Three consecutively daily injections of FGF2 and RU486 failed to stimulate the 
formation of MGPCs (not shown).  Since FGF2 modulates retinal levels of HSD1 and 
HSD2 (see Fig. 2.7), which should decrease levels of cortisol, we speculate that there was 
little GCR-signaling for the RU486 to antagonize and enable FGF2/MAPK-induced 
formation of MGPCs.  
We next examined whether inhibition of GCR with RU486 influenced the types 
of cells derived from MGPCs. Activation of GCR with cortisol during retinal 
development is known to stimulate the maturation of Müller glia (Gorovits et al 1994, 
Gorovits et al 1996). Therefore, we hypothesized that RU486-mediated inhibition of 
GCR and the enhanced formation of proliferating MGPCs would also result in 
diminished formation of new Müller glia and increased formation of new neurons. 
Indeed, we found that RU486 increased the percentage of MGPC-derived cells that 
differentiated into HuD/C positive neurons by about 50% (Figs. 2.8j-m,r). By 
comparison, the RU486 treatment decreased the percentage of MGPC-derived cells that 
differentiated into GS positive glia by more than 20% (Figs. 2.8n-q,s). 
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Figure 2.8. Inhibition of GCR signaling induces the proliferation of MGPCs in 
peripheral regions of damaged retinas and influences the differentiation of Müller 
glia-derived cells. (A-G) Eyes were injected with a low dose (83 nanomoles) of NMDA 
at P6, vehicle (30% DMSO in saline) or 1 µg RU486 (n=8) at P7/P8, and BrdU at P8. 
(H,I) Eyes were injected with 83 nanomoles of NMDA at P6, RU486 or RU486+200 ng 
Dex (n=5) at P7/P8, and BrdU at P8. Retinas were harvested at P9. (J-S) Eyes were 
injected with 83 nanomoles of NMDA at P6, and vehicle or 1 µg RU486 at P6-P9. BrdU 
was included with each injection of vehicle/RU486. Retinas were harvested at P10. 
Retinas were labeled for BrdU (green), Sox9 and Nkx2.2 (red and magenta, respectively; 
A,B), TUNEL (E,F), HuD/C (J-M) or GS (N-Q). (A,B) Arrows indicate the nuclei of 
BrdU
+
/Sox2
+
/Nkx2.2
−
 MGPCs; hollow arrowheads indicate the nuclei of 
BrdU
+
/Sox2
+
/Nkx2.2
+
 NIRG cells. (C,D,H,I) Data show the mean (±s.d.) number of 
BrdU-positive Müller glia (C,H) or NIRG cells (D,I) in peripheral regions of the retina. 
(G) Data are mean (±s.d.) percentage change in TUNEL-positive cells in retinas treated 
with NMDA±RU486. (J-Q) Arrows indicate cells double labeled for BrdU and HuD/C; 
hollow arrowheads indicate cells double labeled for BrdU and Sox9/GS; hollow arrows 
indicate cells labeled for BrdU alone; pairs of small arrows indicate cells labelled for 
BrdU and Sox9, but not for GS. The areas boxed in yellow in L and P are enlarged 
twofold in M and Q, respectively. Scale bars: 50 µm (bar in B applies to A,B; bar in L 
applies to J-L; bar in P applies to N-P). (R,S) Data are mean (±s.d.) percentage change 
BrdU
+
HuD/C
+
 and BrdU
+
GS
+
 cell numbers for treated minus control treatments in retinas 
treated with NMDA±RU486. A total of 5680 cells were counted for BrdU/HuD/C labeled 
cells and 3529 cells for BrdU/GS labeled cells. (C,D,H,I) The significances of differences 
for treated versus control datasets were determined using a two-tailed t-test. (**P<0.01; 
***P<0.001; ns, not significant). (G,R,S) The significance of differences for the percent 
change was determined using a two-tailed Mann-Whitney U-test (*P<0.05; ns, not 
significant). 
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Discussion 
We find that GCR-signaling has significant impacts upon retinal Müller glia. The 
activation of GCR in Müller glia inhibits the proliferation of MGPCs by inhibiting 
signaling through MAPK. It is known that glucocorticoids can negatively regulate MAPK 
signaling (Bruna et al 2003). For example, activation of MAPK-signaling through 
ERK1/2 and p38 MAPK can be inhibited by GCR-signaling (Brewer et al 2003), and p38 
MAPK-signaling enhances the expression of pro-inflammatory cytokines such as TNFα, 
interleukin 6 (IL6) and IL8 in immune cells (Inoue et al 1996). Although, we failed to 
detect decreases in p38 MAPK when Dex was applied with FGF2, it remains possible 
that targets downstream of p38 were influenced by Dex. Consistent with our findings, 
Dex inhibits the accumulation of pERK in Müller glia in retinas with endotoxin-induced 
uveitis to suppress glial reactivity (Takeda et al 2002). Glucocorticoids can enhance the 
production of anti-inflammatory cytokines including IL10 (Schaaf & Cidlowski 2002), 
while inhibiting the production of pro-inflammatory cytokines, including IL1β, IL6, IL8 
and TNFα (Bladh et al 2005, Brewer et al 2003, Stellato 2004). However, in NMDA-
damaged retinas, we did not find decreases in IL1β, IL6 or TNFα in response to Dex, 
even though the microglial reactivity was suppressed. In the rodent retina, Müller glia are 
known to produce pro-inflammatory cytokines in response to NMDA treatment, and 
elevated production of TNFα can render neurons more susceptible to excitotoxic damage 
(Lebrun-Julien et al 2009). The mechanisms by which Dex suppresses the reactivity of 
microglia in NMDA-damaged retinas remain uncertain, but are likely secondary to 
signaling in Müller glia given that GCR was not detected in microglia. 
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Pattern of GCR expression in the chick retina coincides with the level of Müller 
glia maturation; nuclear GCR levels in the central retina are lower where the Müller glia 
are more mature, and nuclear GCR levels increase towards the periphery where the 
Müller glia are less mature (Anezary et al 2001, Fischer et al 2002b).  The nuclear 
localization of GCR suggests ligand binding and translocation (reviewed by Schaaf & 
Cidlowski 2002). The nuclear localization of GCR in Müller glia in peripheral retinal 
regions may represent increased expression and/or increased ligand binding and nuclear 
translocation. In central regions of the chick retina, GCR may be expressed at low levels 
or may be expressed at high levels but remain diffusely distributed in the peripheral 
processes of Müller glia, below levels of detection. Alternatively, in the cytoplasm GCR 
is part of a complex with chaperones that may mask the epitopes that are recognized by 
antibodies. Following acute damage, GCR immunolabeling was increased in the nuclei of 
Müller glia across all regions of the retina (not shown); this may represent a combination 
of increased expression, dissociation from the chaperone complex, and ligand 
binding/nuclear translocation. GCR-signaling in the retina is dynamically modulated after 
acute retinal injury. The cortisone-to-cortisol converting enzyme HSD1 is expressed at 
diminished levels at 1 day after NMDA, and then at elevated levels at 2 days after 
NMDA. By comparison, the cortisol-to-cortisone converting enzyme HSD2 is elevated 
within 4 hrs of NMDA treatment, and is downregulated thereafter. These findings suggest 
that soon after NMDA treatment retinal levels of cortisol and GCR-signaling are reduced, 
whereas cortisol levels are elevated at 2 days after treatment when dedifferentiation of 
Müller glia leads to re-entry into the cell cycle (Fischer & Reh 2001a). The increased 
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levels of HSD2 coinciding with increased levels of GCR, while increased HSD1 levels 
follow the spikes in HSD2 and GCR, suggests local modulation of cortisol levels and 
GCR-signaling in the retina. Collectively, these findings suggest that after acute retinal 
injury there is a transient drop, followed by a transient spike in GCR-signaling in Müller 
glia. Further, we find that levels of HSD1 are decreased while levels of HSD2 are 
increased by FGF2 treatment where MGPCs are stimulated to form. This finding is 
consistent with the hypothesis that reduced GCR-signaling in Müller glia permits the 
formation of proliferating MGPCs. 
We found that application of Dex/CpdA after NMDA reduced the reactivity of 
microglia and reduced numbers of dying cells. Reactive microglia (Fischer et al 2014a) 
and levels of retinal damage (Fischer et al 2004b) stimulate the formation of MGPCs. 
Therefore, it is possible that suppressed formation of MGPCs in CpdA/NMDA or 
Dex/NMDA treated retinas resulted, at least in part, secondarily through diminished 
microglial reactivity and/or diminished levels of neuronal damage. Nevertheless, we 
propose that GCR-signaling primarily inhibits the formation of MGPCs by directly 
influencing the Müller glia for the following reasons: (1) GCR is expressed by Müller 
glia, not by retinal microglia or neurons; (2) FGF/MAPK-signaling is known to directly 
stimulate Müller glia (Fischer et al 2009b) and activation of GCR-signaling blocks FGF2-
mediated formation of MGPCs in damaged retinas (current study); and (3) in the absence 
of retinal damage, activation of GCR-signaling inhibits the formation of MGPCs in 
response to FGF2.  In addition to the inhibition of MAPK-signaling, activation of GCR 
inhibited FGF2-mediated accumulation of pS6, a readout of mTor-signaling. mTor-
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signaling has well known roles in cell growth and proliferation of neural stem cells and 
tumors (reviewed by Amankulor et al 2009). Collectively, these findings are consistent 
with the hypothesis that GCR-signaling directly inhibits the dedifferentiation of Müller 
glia and formation of MGPCs.   
We propose that Dex-mediated inhibition of MGPCs is primarily manifested 
through the inhibition of MAPK-signaling in the Müller glia. Previous studies have 
indicated that GCR-signaling can negatively impact MAPK-signaling in different types 
of cells (reviewed by Ayroldi et al 2012). Dex suppresses FGF2-mediated activation of 
MAPK-signaling in the Müller glia and suppresses the formation of MGPCs. In addition, 
injections of Dex following NMDA treatment increased retinal levels of the intracellular 
MAPK antagonist Spred1. By comparison, co-application of Dex with FGF2, in the 
absence of retina damage, resulted in reduced expression of spred1.  Spred1 and spred2 
are known to be expressed by Müller glia, and levels of spred1 are influenced by retinal 
degeneration (Roesch et al 2008, Roesch et al 2012). Interestingly, spred1 is enriched in 
neural stem cells in the rodent ventricular zone and acts to suppress proliferation 
(Phoenix & Temple 2010). Collectively, our data suggest that activation of GCR may up-
regulate transcription of spred1 to dampen MAPK-signaling in Müller glia in damaged 
retinas, but not in FGF2 treated retinas in the absence of damage. GCR-mediated 
transcriptional repression is due in part to direct interactions between monomeric GCR 
and transcription factors such as cJun-cFos and NFKB, that synergistically coordinate the 
transcriptional activation of many genes involved in inflammation (Bladh et al 2005). 
However, we find that FGF2-induced expression of cFos in Müller glia was inhibited by 
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Dex. Collectively, these findings suggest that GCR-signaling influences MAPK-signaling 
by modulating protein-protein interactions and by influencing transcriptional activation 
of cFos. However, we cannot exclude the possibility that MCR-signaling influences the 
formation of MGPCs. Although the MCR preferring ligand aldosterone failed to 
influence FGF2/MAPK-signaling in Müller glia and did not influence the proliferation of 
MGPCs in damaged retinas, the GCR preferring agents that we used are known to have 
some affinity for MCR (Robertson et al 2010) and MCR is likely to be expressed by 
Müller glia (Zhao et al 2010).  Consistent with our findings, a recent report by Anacker 
and colleagues (Anacker et al 2013) indicates that low levels of cortisol, acting through 
MCR, increased proliferation of hippocampal progenitors and decreased neuronal 
differentiation while high levels of cortisol, acting through GCR, decreased proliferation 
and decreased neural differentiation.  
Notch-signaling is largely unaffected by GCR-signaling and changes in Notch-
signaling likely do not underlie the diminished formation of MGPC in Dex/NMDA 
treated retinas. We find that Dex-mediated inhibition of MGPCs in damaged retinas is not 
correlated with decreased Notch-signaling. Mature Müller glia express Notch and related 
genes and maintain relatively low Notch-signaling in normal, healthy retinas (Ghai et al 
2010, Hayes et al 2007, Nelson et al 2011, Roesch et al 2008). In the chick retina, Notch-
signaling stimulates the formation of MGPCs (Ghai et al 2010, Hayes et al 2007) and is 
required for FGF2/MAPK-mediated formation of MGPCs (Ghai et al 2010).  However, 
we found fewer proliferating MGPCs with NMDA/Dex treatment. Since we cannot 
determine the number of transcripts in individual MGPCs, it is possible that levels of 
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Notch related genes may have been elevated in many cells that failed to progress through 
the cell cycle because of GCR-mediated inhibition. Although Dex may not have affected 
Notch-signaling in damaged retinas, Notch-signaling was suppressed by Dex in FGF2 
treated retinas.  These findings suggest contextual differences of Dex/GCR-signaling 
upon Notch and the formation of MGPCs.  Activation of GCR appears to directly inhibit 
FGF2/MAPK-signaling and the initiation of Müller glial de-differentiation in undamaged 
retinas, whereas Müller glia in NMDA-damaged retinas appear to be influenced by many 
signaling pathways in addition to GCR and MAPK.  These pathways likely include 
Wnt/β-catenin (Osakada et al 2007, Ramachandran et al 2011), Jak/Stat3 (Nelson et al 
2012), TGFβ/Smad (Close et al 2005, Lenkowski et al 2013) and TNFα (Nelson et al 
2013). Any one of these pathways in the damaged retina could influence Notch-signaling 
independent of MAPK- and GCR-signaling. In damaged retinas, activation of GCR-
signaling with Dex inhibited the formation of MGPCs, similar to the inhibition of Notch 
(Ghai et al 2010, Hayes et al 2007), without influencing levels of Notch. Thus, Notch- 
and GCR-signaling pathways appear to influence MGPCs via independent, parallel 
pathways in damaged retinas, whereas Notch-signaling in FGF2-induced MGPCs, in the 
absence of retinal damage, is inhibited by activation of GCR. 
 
Conclusions 
The expression pattern of GCR in the retina is highly conserved across warm-
blooded vertebrates, with expression residing almost exclusively within the Müller glia. 
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The conserved nature of GCR suggests that GCR-signaling in chick Müller glia acts 
similarly in mammalian glia. In the chick retina, activation of GCR inhibits the 
proliferation of MGPCs in damaged and undamaged retinas; this occurs by overriding 
FGF2/MAPK-signaling in the Müller glia. In a complimentary manner, inhibition of 
GCR enhances the formation of neurocompetent MGPCs in damaged retinas. GCR-
signaling has a significant impact upon the de-differentiation of Müller glia and transition 
into proliferating MGPCs. We propose that the effects of GCR-signaling on suppressed 
microglial reactivity and enhanced neuronal survival are mediated indirectly through the 
Müller glia.   
 
 
 
 
 
 
 
 
 
 
68 
 
 
 
CHAPTER 3 
Wnt-signaling and the Formation of Müller Glia-derived Progenitors in the Chick 
Retina 
 
Abstract 
Müller glia can be stimulated to de-differentiate, proliferate and form Müller glia-
derived progenitor cells (MGPCs) that are capable of producing retinal neurons. The 
signaling pathways that influence the de-differentiation of mature Müller glia and 
proliferation of MGPCs may include the Wnt pathway. The purpose of this study was to 
investigate how Wnt-signaling influences the formation of MGPCs in the chick retina in 
vivo.  In NMDA-damaged retinas where MGPCs are known to form, we find dynamic 
changes in retinal levels of components of the Wnt pathway, including dkk1, dkk3, axin2, 
c-myc, tcf1 and cd44. We find accumulations of nuclear β-catenin in MGPCs that peaks 
at 3 days and rapidly declines by 5 days after NMDA treatment.  Inhibition of Wnt-
signaling with XAV939 in damaged retinas suppressed the formation of MGPCs, 
increased expression of ascl1a and decreased hes5, but had no effect upon the 
differentiation of progeny produced by MGPCs. Activation of Wnt-signaling, with 
GSK3β inhibitors, in the absence of retinal damage, failed to stimulate the formation of 
MGPCs, whereas activation of Wnt-signaling in damaged retinas stimulated the 
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formation of MGPCs. In the absence of retinal damage, FGF2/MAPK-signaling 
stimulated the formation of MGPCs by activating a signaling network that includes 
Wnt/β-catenin. In FGF2 treated retinas, inhibition of Wnt-signaling reduced numbers of 
proliferating MGPCs, whereas activation of Wnt-signaling failed to influence the 
formation of proliferating MGPCs.  Our findings indicate that Wnt-signaling is part of a 
network initiated by FGF2/MAPK or retinal damage, and activation of canonical Wnt-
signaling is required for the formation of proliferating MGPCs.  
 
 
Introduction 
Müller glia have the potential to become progenitor cells in the retinas of fish, 
birds and mammals (reviewed by Fischer & Bongini 2010, Gallina et al 2014a, Goldman 
2014, Lenkowski & Raymond 2014).  Different signaling pathways have been shown to 
influence the formation of Müller glia-derived progenitor cells (MGPCs) and neuronal 
regeneration in the retina. In different model systems similar cell-signaling pathways 
influence the formation of MGPCs.  For example, EGF, HB-EGF, FGF2 and IGF1 by 
signaling through MAPK to stimulate Müller glia to de-differentiate, proliferate and 
become MGPCs in fish (Cheng et al 2014, Wan et al 2012), birds (Fischer et al 2009a, 
Fischer et al 2009b) and mammals (Karl et al 2008).  By comparison, Notch-signaling in 
retinas of mammals and chick stimulates  the proliferation of MGPCs (Das et al 2006, 
Ghai et al 2010, Hayes et al 2007), whereas Notch-signaling in fish inhibits the 
proliferation of MGPCs (Conner et al 2014). In rodent and chick retinas, CNTF/Jak/Stat-
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signaling may stimulate glial reactivity, instead of stimulating the formation of 
proliferating MGPCs as in the zebrafish model system (reviewed by Gallina et al 2014a).  
Recently, we have shown that Glucocortiocoid Receptor (GCR) -signaling inhibits the 
formation of proliferating MGPCs and inhibits the neuronal differentiation of MGPC 
progeny by interfering with MAPK signaling (Gallina et al 2014b).   
Wnt/β-catenin-signaling may be one of the key pathways that drive MGPCs to 
regenerate retina in the fish.  During development of the nervous system, Wnt-signaling 
is involved in many different important functions including cell proliferation, migration, 
cell fate specification, axis patterning, axon guidance and dendrite and synapse formation 
(reviewed by Ciani & Salinas 2005, Moon et al 2004). In the retina, Müller glia are 
known to express high levels of Dkk's which are secreted to sequester Wnt ligands and 
intracellular components of the Wnt-signaling (Roesch et al 2008, Roesch et al 2012). In 
the rodent model in vitro, Wnt-signaling stimulates the proliferation of MGPCs (Das et al 
2006, Osakada et al 2007).  However, in vivo studies have shown a modest albeit 
significant increase in proliferating MGPCs in damaged mouse retina with activation of 
the Wnt pathway (Das et al 2006). Further, in axin2
−/−
 mice with elevated Wnt-signaling, 
the retina contains a subpopulation of Müller glia that are Wnt responsive and proliferate 
at elevated levels in response to damage (Liu et al 2012). In normal and damaged 
zebrafish retinas, activation of the Wnt-signaling stimulates the formation of the MGPCs 
and neuronal regeneration (Meyers et al 2012, Ramachandran et al 2011). During retinal 
development in chick, Wnt2b maintains the proliferative and undifferentiated state of 
neural stem cells in peripheral regions of the retina (Kubo et al 2005). Further, Wnt2b/β-
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catenin-signaling suppresses neurogenesis in peripheral regions of the developing optic 
cup to promote specification of ciliary body and iris in the chick eye (Cho & Cepko 
2006). During embryonic retinal development in the chick, β-catenin must be down-
regulated to permit retinal regeneration from prospective ciliary marginal tissues at the 
peripheral edge of the developing neural retina (Zhu et al 2014).  In this study we 
investigate whether Wnt/β-catenin-signaling influences Müller glia and the formation of 
MGPCs in normal and damaged chick retina in vivo. 
 
Materials and Methods 
 
Animals 
The use of animals in these experiments was in accordance with the guidelines 
established by the National Institutes of Health and the Ohio State University. Fertilized 
eggs and newly hatched wild type leghorn chickens (Gallus gallus domesticus) were 
obtained from Meyer Hatchery (Polk, Ohio). The stage of the chick embryos was 
determined according to the guidelines established by Hamburger and Hamilton in 1951 
(Hamburger & Hamilton 1992). Postnatal chicks were kept on a cycle of 12 hours light, 
12 hours dark (lights on at 8:00 AM). Chicks were housed in a stainless steel brooder at 
about 25
o
C and received water and Purina
tm
 chick starter ad libitum.  
 
Intraocular injections 
Chickens were anesthetized via inhalation of 2.5% isoflurane in oxygen and 
intraocular injections performed as described previously (Fischer et al., 1998; Fischer et 
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al., 1999; Fischer et al., 1999). For all experiments, the right eyes of chicks were injected 
with the “test” compound and the contra-lateral left eyes were injected with vehicle as a 
control. Compounds were injected in 20 l sterile saline with 0.05 mg/ml bovine serum 
albumin added as a carrier. Compounds used in these studies included NMDA (38.5 or 
154 g/dose), FGF2 (200 ng/dose), IGF1 (400 ng/dose; R&D Systems), smoothened 
agonist (SAG; 500 ng/dose; EMD Millipore; CAS 364590-63-6); XAV939 (200ng/dose; 
Selleck), a cocktail of GSK3β inhibitors BIO (500ng/dose; R&D Systems), 1-
Azakenpaullone (500 ng/dose; Selleck), CHIR 99021 (500ng/dose; R&D Systems).   
XAV939 and the GSK3β cocktail were used in 25% DMSO. RU486 was used in 50% 
DMSO. Two g of BrdU was injected to label proliferating cells. Injection paradigms are 
included in each figure.  
 
Quantitative Reverse transcriptase PCR 
Individual retinas were placed in 1.5 ml of Trizol Reagent (Invitrogen) and total 
RNA was isolated according to the Trizol protocol and resuspended in 50 μl RNAse free 
water. Genomic DNA was removed by using the DNA FREE kit provided by Ambion. 
cDNA was synthesized from mRNA by using Superscript
tm
 III First Strand Synthesis 
System (Invitrogen) and oligo dT primers according to the manufacturer’s protocol. 
Control reactions were performed using all components with the exception of the reverse 
transcriptase to exclude the possibility that primers were amplifying genomic DNA.  
PCR primers were designed by using the Primer-BLAST primer design tool at NCBI 
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/). Primer sequences and predicted 
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product sizes are listed in table 3.1. PCR reactions were performed by using standard 
protocols, Platinum
tm
 Taq (Invitrogen) and an Eppendorf thermal cycler. PCR products 
were run on an agarose gel to verify the predicted product sizes.   
 
 
Gene Forward primer 5’-3’ Reverse primer  5’-3’ Product 
size (bp) 
tcf1 CGA CCT CAAG TCC TCG 
TTG G 
 
TCC GGG AGC TTC TCC 
TGA TA 
123 
cd44 ACG AGG AGC AAA GCA 
TGT GA 
 
TTG TAA CGT GAG CCG 
TCC TC 
101 
dkk3 CCA GCT TTG TGT TTG GGG 
TG 
 
GTA ACG GAG TGC ACA 
CAG GA 
 
143 
dkk1 GCG ACT GAT TGC AGT ACG 
TT 
 
CTG GAA ACT CAG CGC 
GTA CC 
127 
cMyc ACA CAA CTA CGC TGC TCC 
TC 
 
TTC GCC TCT TGT CGT TCT 
CC 
155 
axin2 GCTTCAGGCAGATGGACCTT 
 
CTTGAGCTGCTTGGAGACG
A 
104 
cNotch1 GGC TGG TTA TCA TGG AGT 
TA 
CAT CCA CAT TGA TCT 
CAC AG 
154 
 
cHes5 GGA GAA GGA GTT CCA 
GAG AC 
AAT TGC AGA GCT TCT 
TTG AG 
143 
ascl1a AGG GAA CCA CGT TTA TGC 
AG 
TTA TAC AGG GCC TGG 
TGA GC 
187 
gapdh CAT CCA AGG AGT GAG 
CCA AG 
TGG AGG AAG AAA TTG 
GAG GA 
161 
 
 
Table3.1 PCR Primer sequences and predicted product sizes 
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Fixation, sectioning and immunocytochemistry 
Tissues were fixed, sectioned and immunolabeled as described previously 
(Fischer et al 2011, Fischer et al 2009a). Working dilutions and sources of antibodies 
used in this study included the following: (1) mouse anti-nuclear β-catenin was used at 
1:40 (PY654; Developmental Studies Hybridoma Bank (DSHB), University of Iowa): (2) 
rabbit anti-Sox9 was used at 1:2000 (AB5535; Chemicon); (3) mouse anti-BrdU was 
used at 1:80 (G3B4; DSHB); (4) rat anti-BrdU was used at 1:200 (OBT00030S; 
Serrotec); (5) mouse anti-Nkx2.2 was used at 1:50 (74.5A5; DSHB); (5) mouse anti-
neurofilament was used at 1:80 (RT-97; DSHB); (6) goat anti-Sox2 was used at 1:1000 
(Y-17; Santa Cruz Immunochemicals); (7) rabbit anti-phospho-histone H3 (pHisH3) was 
used at 1:600 (06570; Upstate); (8) mouse anti-Pax6 was used at 1:50 (PAX6; DSHB); 
(9) mouse anti-CD45 was used at 1:200 (HIS-C7; Cedi Diagnostic); (10)rabbit anti-p38 
MAPK was used at 1:400 (12F8; Cell Signaling Technologies); (11) goat anti-Egr1 was 
used at 1:1,000 (AF2818; R&D Systems); (12) rabbit pERK1/2 was used at 1:200 
(137F5; Cell Signaling Technologies); (13) rabbit anti-pCREB was used at 1:600 (87G3; 
Cell Signaling Technologies); (14) rabbit anti-cFos was used at 1:400 (K-25; Santa Cruz 
Immunochemicals). 
None of the observed labeling was due to non-specific labeling of secondary 
antibodies or autofluorescence because sections labeled with secondary antibodies alone 
were devoid of fluorescence. Secondary antibodies included donkey-anti-goat-
Alexa488/568, goat-anti-rabbit-Alexa488/568/647, goat-anti-mouse-Alexa488/568/647, 
goat anti-rat-Alexa488 and goat-anti-mouse-IgM-Alexa568 (Invitrogen) diluted to 1:1000 
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in PBS plus 0.2% Triton X-100.  Some sections were stained with Draq5 (Life 
Technologies) which was diluted to 2.5 nM in the secondary antibody solution. 
 
Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) 
To identify dying cells that contained fragmented DNA the TUNEL method was 
used. We used an In Situ Cell Death Kit (TMR red; Roche Applied Science), as per the 
manufacturer’s instructions. 
 
Photography, measurements, cell counts and statistics 
Photomicrographs were obtained using a Leica DM5000B microscope equipped 
with epifluorescence and Leica DC500 digital camera. Confocal images were obtained 
using a Zeiss LSM 510 imaging system at the Hunt-Curtis Imaging Facility at the Ohio 
State University. Images were optimized for color, brightness and contrast, multiple 
channels overlaid and figures constructed by using Adobe Photoshop. Cell counts were 
performed on representative images. To avoid the possibility of region-specific 
differences within the retina, cell counts were consistently made from the same region of 
retina for each data set. 
The identity of BrdU labeled cells was determined based on previous findings that 
100% of the proliferating cells in the chick retina are comprised of Sox2/9
+
 Müller glia in 
the INL/ONL, Sox2/9/Nkx2.2
+
 NIRG cells in the IPL, GCL and NFL (the NIRG cells do 
not migrate distally into the retina), and CD45
+
 (Sox2/9
-
) microglia (Fischer et al 2010a, 
Zelinka et al 2012).  Sox2
+
 nuclei in the INL were identified as Müller glia based on their 
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large size and fusiform shape which was distinctly different from the Sox2+ nuclei of 
cholinergic amacrine cells which are small and round (Fischer et al 2010a).   
Similar to previous reports (Fischer et al 2009a, Fischer et al 2009b, Fischer et al 
2010a, Ghai et al 2009), immunofluorescence was quantified by using ImagePro 6.2 
(Media Cybernetics, Bethesda, MD, USA). Identical illumination, microscope, and 
camera settings were used to obtain images for quantification. Retinal areas were 
sampled from 5.4 MP digital images. These areas were randomly sampled over the inner 
nuclear layer (INL) where the nuclei of the bipolar and amacrine neurons were observed. 
Measurements were made for regions containing pixels with intensity values of 68 or 
greater (0 = black and 255 = saturated); a threshold that included labeling in the bipolar 
or amacrine neurons. The total area was calculated for regions with pixel intensities > 68. 
The average pixel intensity was calculated for all pixels within threshold regions. The 
density sum was calculated as the total of pixel values for all pixels within threshold 
regions. These calculations were determined for retinal regions sampled from at least six 
different retinas for each experimental condition. 
Where significance of difference was determined between two treatment groups 
accounting for inter-individual variability (means of treated-control values) we performed 
a two-tailed, paired t-test. Where significance of difference was determined between two 
treatment groups we performed a two-tailed, unpaired t-test.  
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Results 
 
Wnt-signaling in NMDA-damaged retinas 
To determine whether Wnt-signaling might be involved in the formation of 
MGPCs in the chick retina, we used qRT-PCR to probe for changes in gene expression in 
NMDA-damaged retinas where MGPCs are known to form (Fischer & Reh 2001a). We 
probed for expression of dkk1 and dkk3, secreted proteins which are known to sequester 
Wnt ligands. Further we probed for other known targets and readouts of Wnt-signaling 
such as  c-myc and cd44 (reviewed by Clevers & Nusse 2012) and axin2 (Lustig et al 
2002). We found that levels of ddk1 were reduced at 1 day after NMDA treatment, but 
were not significantly different at 4hrs, 2 days and 3 days after treatment (Fig. 3.1a). By 
comparison, dkk3 was decreased only at 3 days after treatment (Fig. 3.1a). Levels of 
axin2 were significantly reduced by 1 day after treatment and remained reduced through 
3 days after treatment (Fig. 3.1a). Retinal levels of tcf1 were significantly decreased at 2 
days after treatment and returned to control levels by 3 days after treatment (Fig. 3.1a). 
Retinal levels of c-myc and cd44 were elevated at 4 hrs after NMDA treatment and 
remained elevated through day 3 (Fig. 3.1a). These findings suggest that Wnt-signaling is 
dynamically regulated following NMDA treatment, and this pathway could be involved 
in the formation of MPGCs in the chick retina.  
To determine whether Wnt-signaling is active in Müller glia and/or MGPCs in 
NMDA damaged retinas we probed for nuclear β-catenin as a cell level readout of 
signaling. β-catenin is the key mediator of the canonical Wnt-signaling. Nuclear β-
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catenin binds to TCF/Lef1 to induce transcriptional activity, which is a hallmark of 
Wnt/β-catenin signaling activation (Behrens et al 1996, Rhee et al 2007). We found that 
the Sox9
+
 nuclei of Müller glia in normal retinas contained little or no nuclear β-catenin 
(Fig. 3.1b). By contrast, we observed significant levels of nuclear β-catenin in INL 
neurons; amacrine cells in the inner INL and bipolar cells in the outer INL (Fig. 3.1b). 
This observation agrees with the findings that Wnt-signaling is active in mature neurons 
and is needed for synapse function and maintenance (reviewed by Inestrosa & Arenas 
2010). At 4hrs after NMDA treatment we observed some accumulation of nuclear β-
catenin in Müller glia, and the levels of nuclear β-catenin appeared to increase in these 
cells from 1 to 2 days after NMDA treatment (Fig. 3.1b). Levels of nuclear β-catenin in 
Müller glia/MGPCs appeared maximal at 3 days after treatment, but were nearly absent 
by 5 days after treatment (Fig. 3.1b).  Conversely, levels of nuclear β-catenin in neurons 
in the ONL and INL appeared to be decreased at 1, 2 and 3 days after treatment (Fig. 
3.1b). 
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Continued 
 
Figure 3.1. Components of the Wnt pathway are dynamically regulated in NMDA-
damaged retinas.a; qRT-PCR was used to detect retinal mRNA for dkk1, dkk3,axin2, c-
myc, PparD, tcf-1 and cd44.  cDNA was generated from retinas (n≥4) that were treated 
with saline (control) or NMDA (treated), and harvested at 4hrs, 1 day, 2 days, 3 days or 5 
days later. Significance of difference (*p<0.05) was determined by using a Mann-
Whitney U test. b; Nuclear β-catenin accumulates in MGPCs following NMDA 
treatment. Sections of the retina were labeled with antibodies to nuclear β-catenin (green) 
and Sox9 (red). Arrows indicate nuclei of Müller glia/MGPCs that are positive for Sox9 
and nuclear β-catenin, and hollow arrows indicate nuclei of Müller glia/MGPCs that are 
positive for Sox9 and negative for nuclear β-catenin. The panels with a 70% grayscale 
background display β-catenin isolated in the Sox9+ nuclei of Müller glia. The scale bar 
(50 µm) in the bottom right corner of panel b applies to all panels. Abbreviations: ONL – 
outer nuclear layer, INL – inner nuclear layer. 
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Figure 3.1 Continued 
 
 
 
Wnt-signaling influences the formation of MGPCs in damaged retinas 
To examine whether Wnt-signaling influences the formation of proliferating 
MGPCs, we interfered with signaling by making intraocular injections of the small 
molecule inhibitor XAV939.  XAV939 antagonizes the Wnt/β-catenin pathway by 
inhibiting tankyrase 1/ 2 which inhibits participation of axin2 in the β-catenin destruction 
complex, thus promoting axin2 stabilization, degradation β-catenin, and inhibition of 
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Wnt-signaling (Huang et al 2009). In normal retinas, XAV939 reduces levels of nuclear 
β-catenin in retinal neurons across all cell layers (Figs. 3.2a,b). Application of XAV939 
after NMDA treatment significantly reduced the numbers of BrdU labeled MGPCs, 
whereas numbers of BrdU labeled NIRG cells were unaffected (Figs. 3.2c-e). To further 
examine the formation of MGPCs, we probed for the expression of neurofilament and 
phospho-histone H3 (pHisH3) which are known to be transiently expressed by 
proliferating MGPCs (Fischer & Reh 2001a). Treatment of NMDA-damaged retinas with 
XAV939 significantly reduced numbers of MGPCs that were positive for neurofilament 
and pHisH3 (Figs. 3.2f-h).  
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Continued 
Figure 3.2. Inhibition of Wnt-signaling with XAV939 reduces numbers of 
proliferating MGPCs in damaged retinas. Eyes were injected with NMDA at P7, 
vehicle or XAV939 4hrs later, BrdU + vehicle or XAV939 at P8 and P9, and eyes 
harvested at P10. Retinal sections were labeled with antibodies to nuclear β-catenin (a 
andb), BrdU (green), Sox2 (red) and Nkx2.2 (magenta; c and d), neurofilament (green), 
and Sox2 (red) and pHisH3 (magenta; f and g). Arrows indicate Müller glia and/or 
MGPCs. The histograms in e illustrate the mean (± SD; n=8) number of BrdU positive 
Müller glia or NIRG cells per field of view (14,400 µm
2
) in retinas treated with NMDA 
or NMDA+XAV939. The histogram in h illustrates the mean (± SD; n=8) number of 
MGPCs labeled for neurofilament or pHisH3 in retinas treated with NMDA or 
NMDA+XAV939. Significance of difference (*p<0.05; **P<0.005) between control and 
treated groups was determined by using a two-tailed t-test.The scale bar (50 µm) in panel 
b applies to a and b, the bar d applies to c and d, and the bar in g applies to f and g. 
Abbreviations: ONL – outer nuclear layer, INL – inner nuclear layer, IPL – inner 
plexiform layer, GCL – ganglion cell layer. 
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Figure 3.2 Continued 
 
 
 
To examine whether inhibition of Wnt-signaling influences the de-differentiation 
of Müller glia we probed for the expression of Pax6. Müller glia are known to up-regulate 
Pax6 during the transition to a progenitor like phenotype (Fischer et al 2002b, Fischer & 
Reh 2001a) and Pax6 is known to be required for MGPC mediated regeneration of 
zebrafish retina (Thummel et al 2010). We found reduced levels of Pax6 in Müller glia in 
retinas treated with XAV939 compared to levels of Pax6 seen in Müller glia in retinas 
treated with NMDA and vehicle (Figs. 3.3a,b). To examine whether XAV939 effectively 
inhibited Wnt-signaling in NMDA-damaged retinas we probed for the accumulation of 
nuclear β-catenin. We found that XAV939 significantly reduced levels of nuclear β-
catenin, particularly in the Müller glia/MGPCs (Figs. 3.3c,d). We have recently shown 
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that reactive microglia are required for the formation of proliferating MGPCs (Fischer et 
al 2014a).  Thus, we examined whether microglial reactivity was influenced by XAV939.  
There was no change in the accumulation of reactive CD45
+
 microglia in NMDA-
damaged retinas treated with XAV939 (Fig. 3.3e). 
We performed qRT-PCR on retinas treated with NMDA ± XAV939 to better 
understand how Wnt-signaling might influence the formation of MGPCs.  There was no 
significant change in levels of c-myc or notch1, whereas levels of hes5 were significantly 
reduced and levels of ascl1a were significantly increased (Fig. 3.3f). These findings 
suggest that neurogenesis may be increased while gliogenesis is decreased, even though 
the total numbers of MGPCs are reduced by XAV939. In support of this hypothesis, 
decreased Wnt-signaling and decreased nuclear β-catenin are known to be required for 
retinal neurogenesis during development (Cho & Cepko 2006, Liu et al 2007a, Zhu et al 
2014). Further, increased ascl1a is needed for the formation of MGPCs in the zebrafish 
retina (Fausett et al 2008) and forced expression of ascl1a in mammalian Müller glia 
enhances neurogenic potential (Pollak et al 2013).  Therefore, we tested whether there 
was increased neural differentiation of the progeny produced by MGPCs. When XAV939 
was applied at 1 and 2 days after NMDA, and retinas were harvested at 5 days later, there 
was no effect upon the percentage of cells that differentiated as neurons or glia (not 
shown).  When XAV939 was applied at 3, 4 and 5 days after NMDA treatment, after the 
proliferation of MGPCs, there was no effect upon the percentage of cells that 
differentiated as neurons or glia (not shown).  
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Continued 
Figure 3.3.  Changes in Pax6, nuclear β-catenin and gene expression in retinas 
treated with a Wnt-signaling inhibitor in NMDA-damaged retinas. Eyes were 
injected with NMDA at P7, vehicle or XAV939 4hrs later, BrdU + vehicle or XAV939 at 
P8 and P9, and eyes harvested at P10. The histograms in a andc illustrate the mean (± 
SD; n=6) percent change in area sum and intensity sum per field of view for levels of 
Pax6 (a) or nuclear β-catenin (c) in the Sox9+ nuclei of Müller glia/MGPCs. Significance 
of difference (**p<0.001) was determined by using a Mann-Whitney U test. Retinal 
sections were labeled with antibodies to Pax6 (green) and Sox9 (red; b), nuclear β-
catenin (green) and Sox9 (red; d), or Draq5 (red) and CD45 (green; e). b,d; The panels 
with the 70% grayscale background show β-catenin in the nuclei of Sox9+ Müller 
glia/MGPCs.  Arrows indicate Müller glia and/or MGPCs and arrow-heads indicate 
CD45-positive microglia in the IPL. The scale bar (50 µm) in panel d applies to b and d, 
and the bar in e applies to e alone. Abbreviations: ONL – outer nuclear layer, INL – inner 
nuclear layer, IPL – inner plexiform layer, GCL – ganglion cell layer.  f; qRT-PCR was 
used to measure genes that are changed in response to Wnt-inhibitor in damaged-retinas. 
These genes included c-myc, hes5, notch1, and ascl1a. Significance of difference 
(*p<0.05; **p<0.001) was determined by using a Mann-Whitney U test. ns – not 
significant. 
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Figure 3.3 Continued 
 
 
 
To test whether activation of Wnt-signaling facilitates the formation of MGPCs in 
damaged retinas, we applied a cocktail (ABC) of GSK3β inhibitors. These inhibitors are 
expected to suppress GSK3β mediated phosphorylation of β-catenin, thereby promoting 
degradation and preventing nuclear translocation of β-catenin. We found that application 
of ABC following a low dose of NMDA resulted in a 4-fold increase in the number of 
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BrdU labeled MGPCs compared to controls (Figs. 3.4a-e). By comparison, inhibition of 
GSK3β had no effect upon numbers of proliferating NIRG cells (Figs. 3.4a-d,f). We 
found significant increases in levels of nuclear β-catenin in the Sox9+ nuclei of MGPCs in 
retinas treated with GSK3β-inhibitors (Figs. 3.4g-k), indicating that Wnt-signaling was 
elevated during the reprogramming of Müller glia.  We found that GSK3β-inhibitors had 
no effect upon numbers of dying cells; there was no significant change in the number of 
TUNEL positive cells in retinas treated with NMDA compared to NMDA/ABC (NMDA 
- 15.8±10.9 vs NMDA/ABC – 17.0±11.7). In addition, activation of Wnt-signaling with 
GSK3β-inhibitors did not influence the neuronal and glial differentiation of the progeny 
of MGPCs (data not shown). 
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Continued 
Figure 3.4. Activation of Wnt-signaling with GSK3β inhibitors increases numbers of 
proliferating MGPCs and stimulates the accumulation of nuclear β-catenin in 
MGPCs in NMDA-damaged retinas. Eyes were injected with a relatively low dose of 
NMDA (83 nmol) ± GSK3β inhibitors at P7, GSK3β inhibitors and BrdU at P8 and P9, 
and retinas were harvest at 3 days after NMDA treatment at P10. Sections of the retina 
were labeled with antibodies to BrdU (green), Sox9 (red) and Nkx2.2 (magenta; a-d), or 
nuclear β-catenin (green) and Sox9 (red; g-j). The histograms in e and f illustrate the 
mean (± SD; n=9) number of proliferating Müller glia or NIRG cells per field of view 
(14,400 µm
2
). Significance of difference (*p<0.05, **p<0.01) between control and 
treated groups was determined by using a two-tailed t-test. Panels h and j show β-catenin 
in the nuclei of Sox9
+
 Müller glia/MGPCs on a 70% grayscale background. Arrows 
indicate the nuclei of Müller glia and or MGPCs, and hollow arrowheads indicate nuclei 
of proliferating NIRG cells. The histogram k illustrate the mean (± SD; n=6) percent 
change in area sum and intensity sum per field of view for levels of nuclear β-catenin (l) 
in the Sox9+ nuclei of Müller glia/MGPCs. Significance of difference (*p<0.01) was 
determined by using a Mann-Whitney U test. The scale bar (50 µm) in panel d applies to 
a-d, and the bar j applies to g-j. Abbreviations: ONL – outer nuclear layer, INL – inner 
nuclear layer, IPL – inner plexiform layer, GCL – ganglion cell layer. 
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Figure 3.4 Continued
 
 
 
FGF2/MAPK-signaling activates Wnt-signaling in undamaged retinas 
We examined whether activation of Wnt-signaling acted synergistically with 
FGF2/MAPK to enhance the formation of proliferating MGPCs. We have recently 
reported that 4 consecutive daily intraocular injections of FGF2 stimulate the formation 
of proliferating MGPCs in the absence of retinal damage (Fischer et al 2014a). Thus, we 
tested whether activation of Wnt-signaling is downstream of FGF2/MAPK in undamaged 
retinas.  Two days after the last dose of FGF2, we found that levels of β-catenin were 
increased in the nuclei of Müller glia in FGF2 treated retinas compared to those seen in 
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control retinas (Figs. 3.5a,b). These findings indicate that Wnt-signaling is downstream 
of MAPK- signaling, and becomes activated by FGF2/MAPK-signaling in Müller 
glia/MGPCs in the absence of retinal damage.  We next examined whether inhibition of 
Wnt-signaling influences the formation of MGPCs in FGF2 treated retinas. We found 
that co-application of XAV939 with FGF2 suppressed the proliferation of MGPCs, 
whereas the proliferation of NIRG cells was unaffected (Figs. 3.5c-f).  We found that the 
formation of proliferating MGPCs was not affected by different doses of FGF2 and 
GSK3β inhibitors (Figs. 3.5g-i).   
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Continued 
Figure 3.5. FGF2-mediated formation of proliferating MGPCs recruits and requires 
the activation of Wnt-signaling. Eyes were injected with 4 consecutive daily injections 
of FGF2 ± XAV939, BrdU 24 hrs after the last injection of FGF2, and retinas harvested 
48 hrs (a-f) or 24 hrs later. Alternatively, eyes were injected with FGF2 alone (control) or 
FGF2+GSK3β-inhibitors (treated) at P7, P8 and P9, BrdU at P10 and P11, and retinas 
harvested at P12 (g-i). Retinal sections were labeled with antibodies to nuclear β-catenin 
(green) and Sox9 (red; a,b), BrdU (green), Sox9 (red), Nkx2.2 (magenta; c,d), or BrdU 
(green) and Sox2 (red; h,i). a,b; β-catenin in the nuclei of Sox9+ Müller glia/MGPCs on 
70% grayscale background. Arrows indicate the nuclei of Müller glia and/or MGPCs, and 
hollow arrow head indicate the nuclei of proliferating NIRG cells. The histograms in e, f 
and g illustrate the mean (± SD; n=8) number of proliferating Müller glia or NIRG cells 
per field of view (14,400 µm
2
). Significance of difference (*p<0.001; ns – not 
significant) between control and treated groups was determined by using a two-tailed t- 
test.The scale bar (50 µm) in panel d applies to c and d, and the bar in I applies to a,b,h 
and i.Abbreviations: ONL – outer nuclear layer, INL – inner nuclear layer, IPL – inner 
plexiform layer, GCL – ganglion cell layer. 
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Figure 3.5 Continued 
 
 
 
 To investigate the specificity of the XAV939 we probed for the accumulation of 
nuclear β-catenin in the Müller glia/MGPCs.  One day after the last dose of FGF2, we 
found that XAV939 significantly reduced levels of β-catenin in the Sox9+ nuclei of 
Müller glia/MGPCs (Figs. 3.6a-c).  To better understand how XAV939 might influence 
the formation of MGPCs we examined whether FGF2/MAPK-signaling was influenced 
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by probing for readouts of MAPK-signaling. Intraocular injections of FGF2 are known to 
selectively up-regulate pERK1/2, pCREB, p38 MAPK, cFos and Egr1 in Müller glia 
(Fischer et al 2009a). We found that levels of p38 MAPK were significantly increased in 
Müller glia treated with FGF2 and XAV939, compared to levels seen in glia treated with 
FGF2 alone (Figs. 3.6d-h). By comparison, levels of cFos (Figs. 3.6i,j), Egr1 and 
pERK1/2 (not shown) in Müller glia were unaffected by XAV939 in FGF2 treated 
retinas.  
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Continued 
Figure 3.6. Application of XAV939 with FGF2 blocks the accumulation of nuclear β-
catenin in MGPCs, and increases levels of p38MAPK in Müller glia, whereas levels 
of cFos are unaffected.a-c; Eyes were injected with 4 consecutive daily injections of 
FGF2 ± XAV939, BrdU 24 hrs after the last injection of FGF2, and retinas harvested 24 
hrs later. d-h; Eyes were injected with FGF2 alone (control) or FGF2+XAV939 (treated) 
at P7 and P8, and tissues harvested at P9. Sections of the retina were labeled for nuclear 
β-catenin (green) and Sox9 (red; a,b), Sox2 (red) and p38 MAPK (green) (d,e), or Sox2 
(red) and cFos (green; i,j). a and b; β-catenin in the nuclei of Sox9+ Müller glia/MGPCs 
on 70% grayscale background. Areas indicated by yellow boxes in d and e are enlarged 
2-fold in d’ and e’. Arrows indicate the nuclei of Müller glia and/or MGPCs. The 
histogram in c illustrates the mean (± SD; n=6) percent change in the area sum and 
intensity sum per field of view for nuclear β-catenin in the Sox9+ nuclei of Müller 
glia/MGPCs. The histograms in f-h illustrate the mean (± SD; n=6) percent change in the 
area sum, density sum and intensity sum per field of view for p38 MAPK in the INL. 
Significance of difference (*p<0.01) was determined by using a Mann-Whitney U-test.  
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Figure 3.6 Continued 
 
 
 
Nuclear β–catenin in ciliary marginal zone (CMZ) progenitors and NPE of the ciliary 
body 
Wnt-signaling has been reported to influence the embryonic retinal development 
and regeneration of peripheral regions of embryonic retina (Cho & Cepko 2006, Kubo et 
al 2005, Liu et al 2007a, Zhu et al 2014). We failed to detect significant levels of nuclear 
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β-catenin in the neural retina, including maturing Müller glia during later stages of retinal 
development (not shown). Consistent with a previous report of early stages of retinal 
development (Zhu et al 2014), we observed nuclear β-catenin in the developing non 
pigmented epithelium (NPE) of the ciliary body in E8 eyes (Fig. 3.7a), and this pattern of 
expression was maintained through the time of hatching (E21) and for at least the first 3 
weeks of postnatal development (Figs. 3.7b,d). Thus, we examined whether Wnt/β-
catenin-signaling was influenced under conditions where proliferation and neurogenesis 
are activated in the CMZ and the NPE of the ciliary body. Intraocular injections of IGF1 
and FGF2 in the post-hatch chick eye are known to stimulate the proliferation of CMZ 
progenitors (Fischer et al 2002a, Fischer & Reh 2000), proliferation of NPE cells in the 
ciliary body, and differentiation of neurons in the NPE (Fischer & Reh 2003a). We found 
that treatment with IGF1 and FGF2 did not induce nuclear β-catenin in Sox9-positive 
CMZ progenitors (Figs. 3.7b,c). By comparison, levels of nuclear β-catenin were elevated 
in control NPE cells, but were greatly reduced by treatment with IGF1 and FGF2 (Figs. 
3.7d,e), where proliferation and neurogenesis are known to be induced (Fischer & Reh 
2003b).   
We have recently reported that Hedgehog (Hh) -signaling is part of the network of 
signaling pathways that drives the formation of MGPCs (Todd & Fischer 2015).  Müller 
glia do not normally respond to Hh agonists, but become responsive in damaged and 
undamaged retinas downstream of FGF/MAPK-signaling (Todd & Fischer 2015).  The 
combination of IGF1 and Hh agonist (SAG) was shown to stimulate the nuclear 
migration of Müller glia, a symptom of glial reprogramming, but failed to drive the 
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proliferation of MGPCs (Todd & Fischer 2015).  We examined whether IGF1 and SAG 
failed to drive the formation of proliferating MGPCs because of a failure to recruit and 
activate Wnt-signaling.  Surprisingly, we found that the combination of IGF1 and SAG 
induced a significant increase in nuclear β-catenin in Sox9+ Müller glia (Fig. 3.7f,g), 
suggesting that accumulations of nuclear β-catenin and Wnt-signaling in Müller glia may 
not be sufficient to drive the transition to proliferating MGPCs.  
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Figure 3.7. The combination of IGF1 and FGF2 decreases nuclear β-catenin in the 
non-pigmented epithelium of the ciliary body, whereas IGF1 and Hh-agonist (SAG) 
increase nuclear β-catenin in Müller glia. Tissues were obtained from: (1) E8 chick 
embryos (a), (2) P11 eyes that received 4 consecutive daily intraocular injections of IGF1 
alone or IGF1+FGF2 (b-e), or (3) P11 eyes that received 4 consecutive daily intraocular 
injections of IGF1 alone or IGF1+SAG (f,g). Sections of the peripheral retina (a,f) and 
CMZ (b,c), and epithelia of the ciliary body (d,e) were labeled with antibodies to Sox9 
(red) and (green). The areas boxed-out in yellow in b and care enlarged 2-fold in the 
lower panels (b’ and c’). Arrows indicate the nuclei labeled for β-catenin. b’ and c’; β-
catenin in the nuclei of Sox9
+
 Müller glia/MGPCs on 70% grayscale background.  The 
scale bar (50 µm) in panel a applies to aalone, the bar c applies to b and c, the bar in e 
applies to d and e, and the bar in f applies to f alone. Abbreviations: ONL – outer nuclear 
layer, INL – inner nuclear layer, IPL – inner plexiform layer, GCL – ganglion cell layer, 
CMZ – ciliary marginal zone, PE – pigmented epithelium. 
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Discussion 
Our findings indicate that Wnt-signaling and nuclear β-catenin are key players in 
the cell signaling network that drives the formation of MGPCs in the chick retina. These 
findings are consistent with those recently reported from the zebrafish model system 
(Cheng et al 2014). Similarly, in explant cultures of the rodent retina, the formation of 
MGPCs is stimulated by Wnt ligands (Osakada et al 2007). We find that Wnt-signaling is 
activated in Müller glia and/or MGPCs downstream of FGF2/MAPK and in response to 
excitotoxic retinal damage. Similarly, in the zebrafish model there is convergence and 
crosstalk between MAPK, PI3K, β-catenin and pStat3 signaling during the formation of 
MGPCs (Cheng et al 2014).  In the zebrafish model, the cell signaling network that drives 
the formation of MGPCs can be initiated, in the absence of damage, by many different 
factors including Wnt ligands, HB-EGF, TNFα, CNTF/cytokines or the combination 
IGF1/insulin and FGF2 (reviewed by Goldman 2014).  By comparison, in the chick 
model, the signaling network that drives the formation of MGPCs can be initiated, in the 
absence of damage, by only FGF2, but not other factors (unpublished observations and 
(Fischer et al 2014b, Gallina et al 2014b, Ghai et al 2010).  In the mammalian model, 
there currently are no known means by which to activate the cell signaling network in 
Müller glia to stimulate the formation of MGPCs without first damaging the retina. 
In normal healthy retinas, we find that Wnt-signaling and nuclear β-catenin are 
not active in Müller glia. There was a distinct absence of nuclear β-catenin in normal 
Müller glia and intraocular injections of GSK3β inhibitors failed to stimulate any 
detectable activation of cell signaling in Müller glia, and thus failed to stimulate the 
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formation of proliferating MGPCs. However, in NMDA-damaged retinas, but not FGF2 
treated retinas, inhibition of GSK3β resulted in the accumulation of nuclear β-catenin 
(activation of Wnt-signaling) and proliferation of MGPCs. Both retinal damage and 
FGF2 treatment are known to activate MAPK-signaling in the Müller glia, and the 
activation of this pathway is required for the formation of proliferating MGPCs (Fischer 
& Reh 2001a, Fischer et al 2009a, Fischer et al 2009b). Collectively, these findings 
suggest that FGF2/MAPK-signaling activates Wnt-signaling in Müller glia, and that Wnt-
signaling contributes to the network of signaling pathways that drives the formation of 
MGPCs. Similarly, recent reports using the zebrafish model indicate that the MGPC-
signaling network can be initiated by insulin/PI3K and FGF2/MAPK and involves the 
recruitment of Jak/Stat- and Wnt-signaling (Cheng et al 2014, Wan et al 2014).   
Axin2 and tcf-1 are targets of Wnt-signaling and are known to be up-regulated by 
Wnt-signaling (reviewed by Clevers & Nusse 2012). We detected retina wide decreases 
in levels of axin2 and tcf-1 following NMDA treatment.  These decreases in Wnt/β-
catenin-signaling likely reflect the net changes in neurons, whereas any changes in axin2 
and tcf-1 in Müller glia would be masked; both of these cell types undergo fluctuations of 
nuclear β-catenin.  Indeed, we observed a decrease in nuclear β-catenin in retinal neurons 
after NMDA treatment and after treatment with Wnt inhibitor.   By comparison, c-myc 
was increased in NMDA treated retinas, and, in principle, should be expressed only in 
proliferating cells such as the MGPCs, not in postmitotic neurons.  Thus, the assays that 
distinguish discrete changes in β-catenin in the nuclei of Müller glia/MGPCs provide the 
most accurate readout of changes in Wnt-signaling during reprogramming. 
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The neurogenic capacity of MGPCs may not be influenced by Wnt-signaling. 
Wnt/β-catenin-signaling must be down-regulated to permit retinal neurogenesis during 
development (Cho & Cepko 2006, Liu et al 2007a). During embryonic retinal 
development in the chick, β-catenin must be down-regulated to permit retinal 
regeneration from prospective ciliary marginal tissues at the peripheral edge of the 
developing neural retina (Zhu et al 2014).  In the zebrafish retina, Wnt/β-catenin-
signaling is necessary and sufficient for the formation of multipotent proliferating 
MGPCs without biasing cell fate specification (Ramachandran et al 2011).  Further, 
Wnt/β-catenin-signaling is known to prevent differentiation and maintains retinal 
progenitors in a proliferative state (Meyers et al 2012).  In the chick retina, we found that 
nuclear β-catenin is rapidly down-regulated in MGPCs following the cessation of 
treatment with FGF2 and between 3 and 5 days after NMDA treatment. Interestingly, 
when Wnt-signaling was inhibited following NMDA treatment, numbers of proliferating 
MGPCs were reduced and levels of the proneural bHLH transcription factor ascl1a were 
increased and the proglial bHLH factor hes5 were decreased.  When Wnt-signaling was 
inhibited after NMDA treatment, despite decreases hes5 and increases in ascl1a, we 
found that cell fate specification was unaffected.  This was unexpected because Hes5 is 
known to promote gliogenesis (Hojo et al 2000), and Ascl1a is known to promote 
neurogenesis in the developing retina (Tomita et al 1996, Verma-Kurvari et al 1996).  
During development, Notch-signaling is known to maintain neural progenitors in an 
undifferentiated, multipotent state (Bao & Cepko 1997, Furukawa et al 2000). In 
regenerating zebrafish retina, Notch-signaling suppresses the proliferation of MGPCs 
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(Conner et al 2014, Wan et al 2012). By comparison, Notch-signaling promotes the 
proliferation of MGPCs and suppresses the neuronal differentiation of MGPC-derived 
progeny in the chick retina (Ghai et al 2010, Hayes et al 2007). By contrast, Notch-
signaling inhibits the formation of proliferating MGPCs in the zebrafish retina (Conner et 
al 2014, Wan et al 2012).  In zebrafish, ascl1a is known to be downstream of Wnt-
signaling during the reprogramming of Müller glia into neurogenic MGPCs 
(Ramachandran et al 2011). ascl1a is expressed by Müller glia in the fish retina within 4 
hours after damage (Fausett et al 2008).  By comparison, ascl1a is not up-regulated after 
injury in the rodent retina (Karl et al 2008), and ascl1a is up-regulated between 2-4 days 
after damage in the chick retina (Fischer & Reh 2001a, Hayes et al 2007). These findings 
indicate fundamental differences between mammals, birds and fish in how Wnt-signaling 
might regulate the formation of MGPCs. Thus, independent of XAV939 mediated 
inhibition of Wnt/β-catenin-signaling there must be factors or signaling pathways that 
override changes in Hes5 and Ascl1a to prevent neuronal differentiation.  The pathways 
that inhibit neuronal differentiation may include Notch- (Hayes et al 2007), Jak/Stat- and 
BMP/smad-signaling (unpublished observations); signaling pathways which are known to 
promote gliogenesis and inhibit neurogenesis during development (reviewed by 
Guillemot 2007).  Collectively, our findings suggest that Wnt-signaling acts to stimulate 
proliferation during the formation of MGPCs in the chick retina, but does not influence 
the differentiation of the progeny produced by MGPCs. 
Inhibition of GSK3β combined with FGF2 treatment failed to stimulate the 
formation of proliferating MGPCs. These findings suggest that FGF2/MAPK- and Wnt/ 
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β-catenin-signaling do not act synergistically to stimulate the formation of MGPCs. 
However, FGF2 alone resulted in a significant and selective accumulation of nuclear β-
catenin in Müller glia, indicating that FGF2/MAPK-signaling recruits the Wnt pathway 
into the signaling network that drives the formation of proliferating MGPCs. It is likely 
that inhibition of GSK3β combined with activation of FGF2/MAPK fails to enhance the 
formation of MGPCs because the Wnt/β-catenin pathway is saturated by FGF treatment. 
Since activation and inhibition of Wnt-signaling had no apparent effect upon normal 
Müller glia in undamaged retinas, we propose that FGF2 treatment renders Müller glia 
responsive to canonical Wnt-signaling.  By comparison, the combination of IGF1 and Hh 
agonist, which induces nuclear migration but fails to drive proliferation (Todd & Fischer 
2015), induced a selective activation of Wnt-signaling in Müller glia.  Collectively, these 
findings suggest that the Wnt/β-catenin pathway is needed, but not sufficient to drive the 
sufficient to drive the reprogramming of Müller glia into proliferating MGPCs.   
Wnt-signaling has been shown to promote neuronal survival in degenerating 
retinas.  However, we found that Wnt-signaling had no influence on the survival of 
neurons in NMDA treated retinas.  By comparison, Wnt/β-catenin-signaling 
in Müller glia has been shown to protect photoreceptors in a mouse model of retinal 
degeneration (Patel et al 2014).  Similarly, Wnt/β-catenin-signaling in Müller glia 
mediates the neuroprotective effects of Norrin on retinal ganglion cells (Seitz et al 2010). 
It is possible that the damage caused by NMDA was too severe and/or too acute for Wnt-
signaling to influence the neuroprotective properties of the Müller glia.   By comparison, 
we have reported previously that activation of cell signaling on Müller glia through 
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CNTF (Fischer et al 2004b) or FGF2/MAPK (Fischer et al 2009a) potently protects 
neurons against NMDA-induced retinal damage. 
The formation of MGPCs in FGF2 treated retinas was suppressed by XAV939, 
and resulted in increased levels of p38 MAPK in the Müller glia.  Similarly, we have 
reported previously that p38 MAPK is significantly up-regulated in Müller glia in FGF2 
treated retinas when the microglia were ablated and the formation of proliferating 
MGPCs is suppressed (Fischer et al 2014a).  Activation of p38 MAPK is known to 
suppress pERK1/2 and Notch mediated proliferation and self-renewal of stem cells, 
including those that drive neurogenesis (Yang et al 2006), hematopoiesis (Schraml et al 
2009), and angiogenesis (Matsumoto et al 2002).  p38 MAPK-signaling in retinal glia is 
typically associated with ocular inflammation, ischemic stress or infection (Roth et al., 
2003; Shamsuddin and Kumar, 2011; Takeda et al., 2002).  Collectively, these findings 
suggest that increased p38 MAPK-signaling enhances glial reactivity and inflammatory 
responses, while suppressing the progenitor like potential of the Müller glia.  
 
 
 
Conclusions 
In the chick retina, Müller glia do not respond to Wnt-signaling in normal, 
undamaged retina.  However, Müller glia can be made responsive to Wnt-signaling by 
retinal damage or treatment with FGF2. Wnt-signaling is part of the signaling network 
that is activated in Müller glia by FGF2/MAPK or damage to retinal neurons, and acts to 
stimulate the formation of proliferating MGPCs. Wnt-signaling may act to facilitate the 
formation of MGPCs by increasing c-myc and Pax6, and by inhibiting p38 MAPK and 
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Hes5. Although activation of Wnt-signaling is required for the de-differentiation and 
proliferation of MGPCs, our findings indicate that the neurogenic potential of MGPCs is 
not affected by Wnt/β-catenin-signaling. 
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CHAPTER 4 
Activation of Glucocorticoid Receptors in Müller glia is Protective to Retinal 
Neurons and Suppresses Microglial Reactivity 
 
Abstract 
Reactive microglia and macrophages are prevalent in damaged retinas.  
Glucocorticoid signaling is known to suppress inflammation and the reactivity of 
microglia and macrophages. In the vertebrate retina, the glucocorticoid receptor (GCR) is 
known to be activated and localized to the nuclei of Müller glia (Gallina et al 2014b). 
Accordingly, we investigated how signalingthrough GCR influences the survival of 
neurons using the chick retina in vivoas a model system. We applied intraocular 
injections of GCR agonist or antagonist, assessed microglial reactivity, and the survival 
of retinal neurons following different damage paradigms. Microglial reactivity was 
increased in retinas from eyes that were injected with vehicle, and this reactivity was 
decreased by GCR agonist dexamethasone (Dex) and increased by GCR antagonist 
RU486. We found that activation of GCR suppresses the reactivity of microglia and 
inhibited the loss of retinal neurons resulting from excitotoxicity.  We provide evidence 
that the protection promoting effects of Dex were maintained when the microglia were 
selectively ablated. Similarly, intraocular injections of Dex protected ganglion cells from 
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colchicine treatment and protected photoreceptors from damage caused by retinal 
detachment. We conclude that activation of GCR promotes the survival of ganglion cells 
in colchicine-damaged retinas, promotes the survival of amacrine and bipolar cells in 
excitotoxin-damaged retinas, and promotes the survival of photoreceptors in detached 
retinas. We propose that suppression of microglial reactivity is secondary to activation of 
GCR in Müller glia, and this mode of signaling is an effective means to lessen the 
damage and vision loss resulting from different types of retinal damage. 
 
Introduction 
Distinct types of glial cells are found within the retina. Müller glia and microglia 
are found in retinas of all vertebrates. With variability between vertebrate species, retinal 
glia can include astrocytes and oligodendrocytes. Avascular retinas, including those of 
chickens, guinea pigs and rabbits, contain oligodendrocytes that myelinate the axons of 
ganglion cells in the nerve fiber layer (NFL). Vascular retinas contain significant 
numbers of astrocytes, that are closely associated with the blood vessels (Dorrell & 
Friedlander 2006, Friedlander et al 2007). By comparison, the retinas of guinea pigs and 
birds do not contain conventional types of astrocytes (Fischer & Bongini 2010, Fischer et 
al 2010a, Fujita et al 2001, Won et al 2000). The chick retina, but not guinea pig retina, 
contains an atypical glial cell, termed Non-astrocytic Inner Retinal Glia-like (NIRG) 
cells, that is scattered across inner retinal layer (Fischer et al 2010a, Fischer et al 2010b).  
Glial reactivity can have a significant impact upon neuronal survival. For 
example, conditional ablation of the Müller glia compromises photoreceptor survival and 
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vascular integrity in the rodent retina (Shen et al 2012). Glial cells can profoundly 
exacerbate neuronal death following excitotoxic injury. For example, N-methyl-D-
aspartate (NMDA) -mediated activity of Müller glia is known to activate the NFκB 
pathway and stimulate tumor necrosis factor α (TNFα) production by the Müller glia, and 
the TNFα influences the Ca2+ -permeability of AMPA receptors in retinal neurons to 
diminish survival (Lebrun-Julien et al 2009). Similarly, intraocular injections of insulin 
stimulate the reactivity of Müller glia, microglia and NIRG cells, and predispose retinal 
neurons to excitotoxic damage (Fischer et al 2009a). Conversely, stimulation of glia can 
provide enhanced neuroprotection. For example, we found that the neuroprotective 
effects of fibroblast growth factor 2 (FGF2) are manifested through activation of Mitogen 
Activated Protein Kinase (MAPK) -signaling in the Müller glia (Fischer et al 2009a). 
Similar to the Müller glia, microglia have been implicated in the pathophysiology of 
different sight threatening diseases. Microglia were thought to be bystanders cells that do 
not contribute to retinal degeneration. However, current consensus indicates that 
activated microglia and/or infiltrating macrophages contribute to the progression of age-
related macular degeneration, glaucoma and diabetic retinopathy (reviewed by Buschini 
et al 2011, Karlstetter et al 2010, Langmann 2007, Xu et al 2009). Taken together, these 
findings suggest that the activity of retinal glia is coordinated and can have a significant 
influence upon neuronal survival and the progression of retinal degeneration.  
Cytokines can have a significant effect upon glial reactivity and neuronal survival. 
In IL6 deficient mice, compared to wild type mice, acute injury results in significantly 
reduced reactivity in Glial Fibriliary Acidic Protein (GFAP) positive astrocytes and 
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microglia (Klein et al 1997). In GFAP-IL6 overexpressing transgenic mice, astrocytes 
produce elevated levels of IL6 which results in lifelong reactive gliosis of both astrocytes 
and microglia (Chiang et al 1994). In response to brain trauma resulting from a cryo-
lesion, neuronal damage was reduced and recovery was accelerated in the GFAP-IL6 
mice compared to the injury response seen in wild type mice, suggesting a 
neuroprotective role for elevated IL6 in neural tissues (Penkowa et al 2003). A recent 
study demonstrated that murine Müller glia exposed to activated microglia have altered 
cell morphology and gene expression compared to Müller glia undergoing gliosis (Wang 
et al 2011). Activated microglia may influence Müller glia directly, and exchange pro-
inflammatory and chemotactic cytokines that mediate adaptive glial activity in the retina 
in response to injury (Wang et al 2011). We recently found that reactive microglia 
stimulate the formation of Müller glia-derived progenitors in the chick retina (Fischer et 
al 2014b). The current study investigates how activation of GCR signaling in Müller glia 
influences neuronal survival and retinal folds/detachments in acutely damaged chick 
retinas in vivo. We have recently reported that activated, nuclear GCR is predominantly 
found in the Müller glia in the retinas of chicks, mice, guinea pigs, dogs and humans 
(Gallina et al 2014b). 
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Methods and Materials 
Animals 
The use of animals in these experiments was in accordance with the guidelines 
established by the National Institutes of Health and The Ohio State University. This study 
was approved by the Ohio State University Institutional Animal Care and Use Committee 
(IACUC).Newly hatched leghorn chickens (Gallus gallus domesticus) were obtained 
from the Department of Animal Sciences at the Ohio State University or Meyer Hatchery 
(Polk, Ohio). Chicks were kept on a cycle of 12 hours light, 12 hours dark (lights on at 
7:00 am). Chicks were housed in a stainless steel brooder at about 25
o
C and received 
water and Purina
tm
 chick starter ad libitum.  
Preparation of clodronate-liposomes 
The preparation of clodronate liposomes was based on previous descriptions (Van 
Rooijen 1989, van Rooijen 1992, Van Rooijen & Sanders 1994). The protocols used to 
generate clodronate liposome were as described previously (Zelinka et al 2012). 
Approximately 1% of the clodronate is encapsulated by the lipsomes (Van Rooijen & 
Sanders 1994), yielding approximately 7.85 mg/ml. Precise quantitation of the clodronate 
was difficult, because of the stochastic nature of combination of the clodronate and 
liposomes. Accordingly, we titrated doses of clodronate liposomes to levels where >99% 
of the microglia/macrophages were ablated at 1 day after treatment.  
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Intraocular injections 
Chickens were anesthetized via inhalation of 2.5% isoflurane in oxygen and 
intraocular injections performed as described previously (Fischer et al., 1998; Fischer et 
al., 1999). For all experiments, the left eyes of chicks were injected with the “test” 
compound and the contra-lateral right eyes were injected with vehicle as a control. 
Interleukin-6 (100 or 200ng/dose), NMDA (2µmol), colchicine (200 ng/dose), FGF2 
(100ng/dose), and clodronate liposomes (10 to 2000 ng) were injected in 20 l sterile 
saline with 0.05 mg/ml bovine serum albumin added as a carrier. Dex (100ng/dose or 
200ng/dose) and CpdA (500ng/dose) were injected in 20 l saline and 25% DMSO. 
RU486 (1g/dose) was injected in 20l PBS (0.01M) and 50%DMSO. Two g of BrdU 
was injected to label proliferating cells. Injection paradigms are included in each figure. 
Subretinal injections 
P14 chicks were anesthetized via inhalation of 2.5% isoflurane in oxygen and 
subretinal injections performed as described previously (Cebulla et al 2012). For all 
experiments, the left eyes of chicks were injected with vehicle as a control or the “test” 
compound. Subretinal injections of approximately 25 microliters of sterile saline (n = 4) 
or saline with 100 ng water-soluble Dex (n = 4) were delivered to the eye to bleb-up the 
retina. Eyes were enucleated for analysis at day 3. Injection paradigms are included in 
each figure. 
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Tissue dissection, fixation, sectioning and immunolabeling 
Tissues were fixed, sectioned and immunolabeled as described elsewhere (Fischer 
et al 1999, Fischer et al 1998). Retinal wholemount preparations were processed as 
described previously (Fischer & Reh 2002, Fischer et al 2008, Fischer et al 2006). 
Working dilutions and sources of antibodies used in this study included; (1) mouse anti-
CD45 was used at 1:200 (HIS-C7; Cedi Diagnostic), (2) rabbit anti-GCR was used at 
1:400 (PA1-511A; Thermo Scientific), (3) goat anti-Sox2 was used at 1:1000 (Y-17; 
Santa Cruz Immunochemicals), (4) mouse anti-Nkx2.2 was used at 1:80 (74.5A5; 
Developmental Studies Hybridoma Bank (DSHB)), (5) mouse anti-Brn3a (Pouf4a) was 
used at 1:50 (mab1585; Chemicon), (6) rabbit anti-Sox9 was used at 1:2000 (AB5535; 
Chemicon), (7) mouse (IgG) anti-transitin was used at 1:50 (EAP3; DSHB), (8) rabbit 
anti-GFAP was used at 1:2000 (Z0334; DakoCytomation), (9)rabbit anti- L/M opsin was 
used at 1:400 (AB5405; Chemicon), (10) mouse (IgG) anti rhodopsin was used at 1:200 
(Rho 4D2; generous gift Dr. R. Molday, University British Columbia),and (11) rat anti-
BrdU was used at 1:200 (OBT00030S;AbDSerotecRaleigh,NC). None of the observed 
labeling was due to non specific binding of secondary antibody or auto-fluorescence 
because sections labeled with secondary antibodies alone were devoid of fluorescence. 
Secondary antibodies included donkey-anti-goat-Alexa488/568, goat-anti-rabbit-
Alexa488/568/647, goat-anti-mouse-Alexa488/568/647, and goat-anti-rat-Alexa488 
(Invitrogen) diluted to 1:1000 in PBS plus 0.2% Triton X-100. Some sections were 
counter stained with the nuclear label DRAQ5 (Cell Signaling) diluted to 1:2000 and 
added to the secondary antibody diluent. To permeabilize retinas for wholemount 
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labeling procedures, samples were frozen (−80°C) and thawed (20°C) three times prior to 
incubation with the antibody solution. Both primary and secondary antibodies were 
incubated overnight. 
Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) 
To identify dying cells that contained fragmented DNA the TUNEL method was 
used. We used an In Situ Cell Death Kit (TMR red; Roche Applied Science), as per the 
manufacturer’s instructions. 
qRT-PCR 
Tissue dissections, RNA isolation, and reverse transcriptase reactions were 
performed as described previously ((Fischer et al 2004a, Ghai et al 2010). PCR primers 
were designed by using the Primer-BLAST primer design tool at NCBI 
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/). Primer sequences and predicted 
product sizes are listed in Table 4.1. For qPCR, reactions were performed using SYBR 
Green Master Mix and StepOnePlus Real-Time system (Applied BioSystems). Samples 
were run in triplicate on at least four different samples. Ct values obtained from real-time 
PCR were normalized to GAPDH for each sample and the fold change between control 
and treated samples was determined using the 2–ΔΔCt method [=fold change 2(−ΔΔCt)] and 
represented as a percentage change from the control, which was assigned a value of 100. 
The significance of any differences in percentage change was determined using a non-
parametric Mann-Whitney U-test. 
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Gene Forward primer 5’-3’ Reverse primer  5’-3’ Product size (bp) 
adam17 AGC GAG TGC CCT 
CCTCCT GG 
TTG CAG GCA CAC GAG 
CGG AG 
125 
ascl1a AGG GAA CCA CGT TTA 
TGC AG 
TTA TAC AGG GCC TGG 
TGA GC 
187 
cDelta1 CAC TGA CAA CCC TGA 
TGG TG 
TGG CAC TGG CAT ATG 
TAG GA 
152 
cDll4 GGT CTG CAG CGA GAA 
CTA CT 
TGC AGT ATC CAT TCT 
GTT CG 
181 
cHes1 CGC TGA AGA AGG ATA 
GTT CG 
GTC ACT TCG TTC ATG 
CAC TC 
175 
cHes5 GGA GAA GGA GTT CCA 
GAG AC 
AAT TGC AGA GCT TCT 
TTG AG 
143 
cJag1 TGA TAA GTG CAT TCC 
ACA CC 
CAG GTA CCA CCA TTC 
AAA CA 
149 
cNotch1 GGC TGG TTA TCA TGG 
AGT TA 
CAT CCA CAT TGA TCT 
CAC AG 
154 
Gapdh CAT CCA AGG AGT GAG 
CCA AG 
TGG AGG AAG AAA TTG 
GAG GA 
161 
gli1 CTA GCG TTG ACC TGC 
AGA CG  
ACA GGG TTT CGT GGG 
AGC TA  
127 
gli3 ATT TTT GGG GCA ATG 
GAC AG  
TGA ATG CCA TCT CCA 
ACC AG  
209 
il1β GCA TCA AGG GCT ACA 
AGC TC 
CAG GCG GTA GAA GAT 
GAA GC 
131 
il6 TTA GTT CGG GCA CAA 
TCC TC 
GGT TCC TGA AAC GGA 
ACA AC 
72 
pax2 GCC AGG CCT CAT TGT 
AGG TT  
CCA ACT GGA CAA GGC 
AGC TA  
115 
Ptch AAC GCA TGG GCT AGA 
AGG AA  
ATG CTT GCC TAC GCC 
TGT TT  
221 
 
Continued 
Table 4.1PCR Primer sequences and predicted product sizes 
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Table 4.1 Continued 
Gene Forward primer 5’-3’ Reverse primer  5’-3’ Product size (bp) 
Smo GGG TGG TTG CTC TTG 
ATG GA  
GAC TCC GTC AGC GGT 
ATC TG  
152 
Tnfα AGC AGC GTT TGG GAG 
TGG GC 
GCA GAT GGG GCA GGA 
AAG CCA 
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Photography, measurements, and cell counts 
Wide field photomicrographs were obtained by using a Leica DM5000B 
microscope and Leica DC500 digital camera. Images were optimized for brightness and 
contrast, multiple channel images overlaid, and figures constructed by using Adobe 
Photoshop
TM
6.0. Cell counts were made from at least 4 different animals, and means and 
standard deviations calculated on data sets. To avoid the possibility of region specific 
differences within the retina, cell counts were consistently made from the same region of 
retina for each data set.  
Similar to previous reports (Fischer et al 2009a, Fischer et al 2009b, Fischer et al 
2010a, Ghai et al 2009), immunofluorescence was quantified by using ImagePro 6.2 
(Media Cybernetics, Bethesda, MD, USA). Identical illumination, microscope, and 
camera settings were used to obtain images for quantification. Retinal areas were 
sampled from 5.4 MP digital images. These areas were randomly sampled across all 
layers of the retina where microglia where found. Measurements were made for 
thresholded regions (≥50 contiguous pixels) containing pixels with intensity values of 68 
or greater (0 = black and 255 = saturated). The mean density sum was calculated as the 
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average sum of pixel values for all pixels above threshold within fields of view. These 
calculations were determined for retinal regions sampled from at least 4 different retinas 
for each experimental condition. 
Percentage area of retinal folds and detachments was determined from digital 
micrographs. The detached areas appeared as opacities that were digitally traced and 
measured by using ImagePro 6.2. The detached retinal area was calculated as a 
percentage of total retinal area without compensating for concave shape of the eyecup.  
To assess ganglion cell survival, numbers of Brn3a+ nuclei in the GCL (52,000 
µm
2
) per region of the retina (central, temporal, nasal and ventral) were counted per eye.  
To assess numbers of dying cells in NMDA-damaged retinas, cell counts of TUNEL-
positive cells in the INL were made in central regions (14,600 µm
2
) of retina.     
Statistics 
Where significance of difference was determined between two treatment groups 
accounting for inter individual variability (means of treated-control values) we performed 
a two-tailed, paired t-test. The significance of differences for the percent change was 
determined using a two-tailed Mann-Whitney U-test. The normality distribution of the 
data was determined by using the Shapiro-Wilk test. The statistics were calculated using 
the GraphPad Prism 6 software. 
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Results 
The reactivity of microglia/macrophages is influenced by GCR-signaling 
We first examined whether intraocular injections of agonists and antagonists to 
GCR influenced the reactivity of microglia. We have recently reported that merely 
puncturing the eye stimulates the reactivity of retinal microglia, and puncture is equally 
as potent as injections of saline in inducing reactivity (Fischer et al 2014b). Microglial 
reactivity was assessed by probing for levels of CD45 expression.  The CD45 labeling 
does not distinguish between retinal microglia and infiltrating macrophages. Thus, we use 
the term “microglia/macrophages” to collectively refer to retinal microglia and 
infiltrating macrophages.  Intraocular injections of Dex, which activates both the GCR 
dimer and monomer, and does not discriminate between GCR dependent transcriptional 
changes and changes in cell signaling pathways, suppressed the reactivity of 
microglia/macrophages and prevented the accumulation of these cells at the vitread 
surface of the retina (Figs. 4.1a-f). We tested whether CpdA, a small molecule, which 
activates only the monomeric form of GCR that interacts with cytoplasmic proteins (De 
Bosscher et al 2010, De Bosscher et al 2005), and aldosterone which acts at 
mineralocorticoid receptor (MCR) influenced the reactivity of the 
microglia/macrophages.  We found that CpdA and aldosterone had no significant effect 
upon the reactivity of microglia/macrophages (Figs. 4.1g and h), suggesting that neither 
cytoplasmic GCR nor MCR influence microglial reactivity.  By contrast, the GCR 
antagonist RU486 stimulated the reactivity of microglia/macrophages (Figs. 4.1i-k).  
However, RU486 is known to act at progesterone receptors in addition to GCR.  Thus, we 
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tested whether Dex, which prefers GCR not the progesterone receptor, overrides the 
effects of RU486.  We found that application of Dex with RU486 suppressed the 
microglial reactivity that resulted from RU486 alone (Fig. 4.1l). Consistent with previous 
reports demonstrating that GCR is not expressed by normal or reactive 
microglia/macrophages in the chick retina (Fischer et al 2010a, Gallina et al 2014b, 
Zelinka et al 2012), immunoreactivity for nuclear GCR was found only in Sox2
+
 Müller 
glia in the INL and in Sox2
+
/Nkx2.2
+
 NIRG cells in the IPL and GCL (Fig. 4.1m).  These 
observations are consistent with the hypothesis that Dex-mediated effects on retinal cells 
occur via GCR-signaling in Müller glia and/or NIRG cells. 
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Figure 4.1. In undamaged retina activation of GCR inhibits, whereas inhibition of 
GCR activates microglial reactivity. Retinas where obtained from eyes that received 2 
consecutive daily injections of Dex (a-f), CpdA (g), aldosterone (h), RU486 (i-k) or 
vehicle, or the combination of Dex and RU486 or RU486 (l). Tissues were harvested 24 
hours after the last injection. Sections of the retina were labeled with DRAQ5 (red; 
a,b,i,j),  antibodies to CD45 (green;a,b,e,f,i,j) or GCR, Sox2 and Nkx2.2 (m). In m the 
immunolabeling was done on normal untreated retinas.  e and f; areas about threshold are 
outlined by yellow.  Quantitative immunofluorescence was used to measure the density 
sum of CD45-immunofluorescence (c,d,g,h,k,l). The histograms illustrate the mean 
(±SD; n≥5) density (intensity) sum. Arrows indicate reactive microglia (a,b,i,j), hollow 
arrows indicate the nuclei of GCR
+
 Müller glia in the INL, and small double-arrows 
indicate GCR
+
 NIRG cells in the IPL and GCL (m). All the scale bars are 50 µm. The 
scale bar in panel b applies to a and b, the bar in f applies to e and f,the bar in j applies to 
i and j, and the bar in m applies to m alone.  Abbreviations: ONL – outer nuclear layer, 
INL – inner nuclear layer, IPL – inner plexiform layer, GCL – ganglion cell layer, NFL – 
nerve fiber layer. Significance of difference (*p<0.05; ns – not significant) was 
determined by using a two-tailed t-test. 
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We next tested whether activation of GCR influences the reactivity of 
microglia/macrophages in NMDA-damaged retinas.  We found that 2 consecutive daily 
injections of 200 ng Dex significantly reduced the reactivity of microglia/macrophages at 
1 and 3 days after NMDA-treatment (Figs. 4.2a,b,d,e).  By comparison, 100 ng doses of 
Dex had no significant effect upon microglial reactivity in damaged retinas (Figs. 4.2c 
and 4.2f).  Similarly, 200ng doses of Dex applied after NMDA-treatment are known to 
reduce microglial reactivity (Gallina et al 2014b).  By comparison, 200ng doses of 
aldosterone or CpdA before or after NMDA-treatment had no effect upon the reactivity 
of the microglia/macrophages (Figs. 4.2g-j). 
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Figure 4.2.  Activation of GCR with Dex before an excitotoxic insult suppresses 
microglial reactivity in the retina. (a-f) Retinas were obtained from eyes that received 2 
consecutive daily injections of 100ng/dose Dex (c,f) or 200ng/dose Dex ( a,b,d,e), 
NMDA at P8, and tissues harvested at P9 or P11. (g and h) Retinas were obtained from 
eyes that received NMDA at P6 and 2 consecutive daily injections of aldosterone (g), 
CpdA (h) or vehicle at P7 and P8, and tissues harvested at P9. Retinal sections were 
labeled with DRAQ5 (red; a,d) and antibodies to CD45 (green; a,d). Arrows indicate 
reactive microglia in the IPL. As described in the methods, quantitative 
immunofluorescence was used to measure the mean density sum of CD45-
immunofluorescence (b,c,e-j). The histograms illustrate the mean (±SD; n≥5) of the 
density (intensity) sum. The scale bar (50 µm) in panel d applies to a and d.  Significance 
of difference (*p<0.05, **p<0.01; ns – not significant) was determined by using a paired, 
two-tailed t test.  Abbreviations: ONL – outer nuclear layer, INL – inner nuclear layer, 
IPL – inner plexiform layer, GCL – ganglion cell layer. 
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GCR-signaling promotes the survival in retinal interneurons 
We next probed for changes in numbers of dying cells which were detected using 
the TUNEL method to detect dying amacrine and bipolar cells in NMDA-damaged chick 
retinas (Fischer et al 1998).  We found that 100 and 200ng doses Dex before NMDA 
treatment significantly reduced numbers of dying cells at 1 and 3 days after treatment 
(Fig. 4.3a-f).  Similarly, CpdA significantly reduced number of dying cells when applied 
before NMDA-induced damage, whereas aldosterone had no effect (Fig. 4.3c).  
Interestingly, the 100ng dose of Dex was significantly more effective than the 200ng dose 
at reducing numbers of dying cells at 1 day after NMDA-treatment (Figs. 4.3c and 4.3f).  
By comparison, there was no significant difference in numbers of dying cells at 3 days 
after NMDA-treatment using different doses of Dex (Figs. 4.3d-f).  Nevertheless, Dex-
treatment had a sustained effect upon suppressing NMDA-mediated cell death, unlike the 
pro-inflammatory cytokine which transiently reduces numbers of dying cells in NMDA-
damaged retinas (Fischer et al. 2015b).  These findings suggest that activation of GCR in 
Müller glia before a severe excitotoxic insult protects inner retinal neurons.  Similarly, 
application of Dex after NMDA-treatment reduces numbers of dying inner retinal 
neurons(Gallina et al 2014b). 
Since reactive microglia/macrophages are known to influence neuronal survival in 
the retina (Fischer et al 2015, Madeira et al 2015) and Dex inhibits the reactivity of 
microglia, we examined whether the ablation of microglia/macrophages influences the 
ability of Dex to influence neuronal survival.  We ablated >99% of the retinal 
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microglia/macrophages by applying a single intraocular injection of IL6 and clodronate-
liposomes, similar to previous reports (Fischer et al 2014b, Fischer et al 2015, Zelinka et 
al 2012).  We found that 100ng of Dex reduced numbers of dying cells in NMDA-
damaged retinas in the absence of microglia/macrophages (Figs. 4.3g-k).  However, the 
efficacy of Dex-mediated neuroprotection was significantly less in the absence of 
microglia/macrophages compared to the effects of Dex in the presence of 
microglia/macrophages (Fig. 4.3k).  These findings suggest that the protective effects of 
GCR-signaling are mediated, in part, by suppressing the reactivity of microglia. 
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Figure 4.3. Activation of GCR-signaling before an excitotoxic insult suppresses cell 
death in NMDA-damaged retinas. Retinas were obtained from eyes that received 2 
consecutive daily injections of 100ng/dose Dex (a,b,d,e) or 200ng/dose (c,f), or vehicle 
at P6 and P7, NMDA at P8, and tissues harvested at P9 or P11. Alternatively, microglia 
were selectively ablated by using a single intraocular injection of IL6 and clodronate-
liposomes at P3 before injections of 100ng Dex/vehicle and NMDA (g-k).  Retinal 
sections were labeled using the TUNEL method (a,b,d,e,g,h), DRAQ5 (red; i,j) and 
antibodies to CD45 (green; i,j).  The scale bar (50 µm) in panel h applies to a,b,d,e,g and 
h, and the bar in j applies to i and j.  c,f,k; The histograms illustrate the mean (±SD; n≥5) 
percent change in TUNEL-positive cells. Significance of difference (*p<0.05, **p<0.01; 
ns – not significant) was determined by using Mann-Whitney U test.  Abbreviations: 
ONL – outer nuclear layer, INL – inner nuclear layer, IPL – inner plexiform layer, GCL – 
ganglion cell layer. 
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The survival of ganglion cells is influenced by GCR-signaling 
We examined whether the survival of ganglion cells was influenced by the GCR 
agonist Dex.  In the chick retina, colchicine has been shown to destroy ganglion cells 
when applied within the first week of hatching (Fischer et al 1999, Morgan 1981).  Thus, 
we damaged ganglion cells with colchicine and examined whether activation of GCR 
influenced the survival of ganglion cells.  Brn3a is expressed by approximately 98% of 
the ganglion cells (Liu et al 2000, Xiang et al 1995, Xiang et al 1993). We found that 
there were significant increases in numbers of surviving Brn3a-positive ganglion cells in 
damaged retinas treated with Dex (Fig. 4.4).  There was nearly a 30% increase in 
surviving ganglion cells in central regions of the retina, and more than a 2-fold increase 
in surviving ganglion cells in temporal, nasal and dorsal regions of the retina (Fig. 4.4). 
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Figure 4.4. Activation of GCR-signaling protects retinal ganglion against colchicine-
mediated damage. Retinas were obtained from eyes that received consecutive daily 
injections of Dex (100ng/dose) or vehicle at P0, P1 and P2, 50 ng of colchicine at P3, 
Dex (100ng/dose) or vehicle at P4 and P5, and retinas were harvested at P14. Whole-
mounts of the retina were labeled with antibodies to Brn3a (a). The scale bar indicates 50 
µm. The histogram in panel b illustrates the mean (±SD; n≥5) percent change in Brn3a-
positive ganglion cells per 40,000 µm
2 
of central, temporal, nasal or dorsal regions of 
retina.  Significance of difference (*p<0.05) was determined by using Mann-Whitney U 
test.   
 
 
GCR-signaling and retinal folds and detachments 
We have recently reported that NMDA-induced damage coupled to growth factor 
or cytokine treatment results in retinal folds and focal detachments, which can be 
prevented by ablating reactive microglia/macrophages (Fischer et al 2015).  Accordingly, 
we tested whether Dex influenced the formation of retinal folds and detachments.  In 
retinas treated with FGF2 before NMDA treatment about one-fifth of the retinal area was 
folded or detached (Fig. 4.5).  The area of detached retina was reduced by nearly 80% 
when Dex was co-applied with the FGF2 (Fig. 4.5). 
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Figure 4.5. Activation of GCR-signaling prevents the formation of focal 
detachments or retinal folds that occur in retinas treated with FGF2 and NMDA. 
Eyes were treated with 2 consecutive daily injections of FGF2 alone (control) or FGF2 + 
Dex (treated) at P6 and P7, NMDA at P8, and tissues harvested at P9.  The detached 
areas appeared as opacities that were digitally traced and measured by using ImagePro 
6.2 (a). The detached retinal area was calculated as a percentage of total retinal area 
without compensating for concave shape of the eyecup. The histogram illustrates the 
mean (±SD) percentage change (treat – control) (b).  Significance of difference 
(*p<0.0002; n=5) was determined by using Mann-Whitney U-test.   
 
We next examined whether the survival of photoreceptors was influenced by 
GCR-signaling. We used an experimental model wherein a subretinal injection of saline 
induced a transient detachment of photoreceptors from the retinal pigmented epithelium 
(RPE), damage to photoreceptors is incurred, and reactive microglia/macrophages are 
recruited to the outer retina (Cebulla et al 2012).  We tested whether application of water-
soluble Dex (100ng) in the subretinal injection influenced cell survival and glial 
reactivity in regions of detached retina. We found numerous TUNEL positive cells in 
ONL in detached regions of control retinas (Figs. 4.6a-d). By comparison, there was a 
significant decrease in the number of TUNEL positive ONL cells in detached regions of 
Dex treated retinas (Figs. 4.6a-d).  In Dex treated retinas, the numbers of TUNEL 
positive cells were greatly reduced in the ONL, but were modestly increased in the inner 
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half of the INL (Figs. 4.6c,d).  These findings suggest that Dex treatment protects 
photoreceptors against detachment at the expense of some inner retinal neurons.  At the 
boundary between attached and detached regions of retina there was a sharp transition in 
numbers of TUNEL positive cells (Fig. 4.6a), indicating the highly localized nature of the 
detachment injury. 
 
Figure 4.6. Dex treatment reduces the loss of photoreceptors following saline-
mediated retinal detachment.  Retinas were obtained from eyes that received a 
subretinal injection of saline (control) or saline + soluble Dex (100ng) (treated), and 
tissues harvested 3 days later.  Sections of the retina were labeled using the TUNEL 
method (a).  Arrows indicate TUNEL-positive nuclei. Abbreviations: ONL – outer 
nuclear layer, INL – inner nuclear layer, RD – retinal detachment, RPE – retinal 
pigmented epithelium. Histograms illustrate the mean (±SD) number of TUNEL-positive 
cells across all layers of the retina (b), INL (c) or ONL (d) in control and Dex treated 
retinas. The scale bar denotes 50 µm. Significance of difference (*p<0.05, ***p<0.001, 
n=4) was determined by using a two-tailed t-test.  
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Photoreceptors that are stressed or damaged often mistraffick photo-pigments to 
the inner segments (Zhang et al 2011), and we have previously shown that mistrafficking 
of the photo-pigments occurs in detached retina (Cebulla et al 2012) . We tested the 
hypothesis that GCR signaling would reduce the photo-pigment mistrafficking induced 
by RD. Mistrafficking of long/medium wavelength (l/m) -opsin was prevalent in cone 
photoreceptors found in detached regions in both control and treated retinas (Figs. 
4.7a,c).  At the boundary between attached and detached regions of retina there was a 
sharp transition in numbers of photoreceptors with l/m-opsin or rhodopsin mistrafficked 
to inner segments (Figs. 4.7a,b).  Similar to the mistrafficking of l/m-opsin in cones, 
rhodopsin immunoreactivity was found in the inner segments of rod photoreceptors in 
detached regions in control and Dex treated retinas (Figs. 4.7 b,d). Unlike the 
mistrafficking of l/m-opsin in cone photoreceptors, mistrafficking of rhodopsin in rod 
photoreceptors was significantly reduced in Dex treated retinas compared to control 
retinas; very few rods in detached Dex treated retinas had rhodopsin mistrafficked to the 
cell body or axon terminals in the outer plexiform layer (Fig. 4.7b,c).   
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Figure 4.7. Dex treatment reduces the mistrafficking of rhodopsin in rod 
photoreceptors, but had no effect on mistrafficking of l/m-opsin in cone 
photoreceptors following retinal detachment.  Retinas were obtained from eyes that 
received a subretinal injection of saline (control) or saline + soluble Dex (treated), and 
tissues harvested 3 days later.  Sections of the retina were labeled using antibodies to l/m-
opsin (a,c,d) and rhodopsin (b,c,d).  The images in c-e illustrate high-magnification 
fields of view demonstrating mistrafficking of l/m-opsin and rhodopsin to the inner 
segments of photoreceptors in control retinas, and in treated retinas in c. The arrows 
indicate mistrafficking of rhodopsin (c). The scale bar (50 µm) in panel b applies to a and 
b, the scale bar (50 µm) in panel c applies to c, and the scale bar (50 µm) in panel e 
applies to d and e. Abbreviations: RPE – retinal pigmented epithelium, ONL – outer 
nuclear layer, INL – inner nuclear layer, IPL- inner plexiform layer, PRL – photoreceptor 
layer, RD- retinal detachment. 
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Glial cells are known to become reactive in response to retinal detachment 
(Cebulla et al 2012, Fisher 1994, Fisher & Lewis 2003, Lewis & Fisher 2003, Lewis et al 
1994, Lewis et al 2005).  Thus, we examined whether Dex influenced the 
microglia/macrophages and Müller glia in detached regions of the retina.  Although many 
reactive microglia/macrophages were present in the INL and IPL, reactive 
microglia/macrophages were concentrated in the ONL in detached regions of the control 
retinas (Fig. 4.8a).  Similarly, reactive microglia/macrophages were concentrated in the 
ONL in detached regions of Dex treated retinas, but relatively quiescent microglia were 
present in inner retinal layers (Fig. 4.8b).  Measurement of CD45 immunofluorescence 
indicated significant decreases in microglial/macrophages reactivity in detached retinas 
treated with Dex (Figs. 4.8c,d).  At the edge of the detached region of retina that was a 
sharp transition between relatively quiescent glia and accumulations of reactive 
microglia/macrophages in the ONL in both control and treated retinas (Figs.4.8a,b).  
Since GCR is expressed by Müller glia, not microglia/macrophages, we assessed 
whether the reactivity of Müller glia was influenced by Dex in regions of detached 
retinas.  Müller glia were labeled with antibodies to Sox9 and Sox2 and the intermediate 
filaments transitin and GFAP respectively. In the chick retina, Müller glia are known to 
up-regulate transitin and GFAP in response to damage (Fischer & Omar 2005).  In 
detached regions of control retinas levels of transitin and GFAP were elevated, and levels 
appeared reduced in Müller glia that were adjacent to the region of detachment (Figs. 
4.8e,g).  By comparison, levels of transitin and GFAP appeared lower in detached and 
attached regions of retinas treated with Dex (Figs. 4.8f,h).   There was a dramatic 
132 
 
reduction in interkinetic nuclear migration and proliferation of the sox2 and sox9 positive 
Müller glial progenitor cells in the dex treated retinal detachments.  
 
 
Continued 
Figure 4.8. The reactivity of microglia and Müller glia is suppressed by Dex-
mediated activation of GCR. Retinas were obtained from eyes that received a subretinal 
injection of saline (control) or saline + soluble Dex (treated), and tissues harvested 3 days 
later.  Sections of the retina were labeled with DRAQ5 (a andb), and antibodies to CD45 
(a and b), Sox9 and transitin (e and f), and Sox2 and GFAP (g and h). c and d; 
histograms illustrate the mean (±SD) density sum for CD45-immunofluorescence in 
saline and Dex treated retinal detachments. Significance of difference 
(*p<0.05.**p<0.01, n=4) was determined by using a two-tailed t-test. The scale bar in h 
applies to a, b and e-h.  Abbreviations: RPE – retinal pigmented epithelium, ONL – outer 
nuclear layer, INL – inner nuclear layer, IPL- inner plexiform layer, RD – retinal 
detachment. 
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Figure 4.8 Continued 
 
 
 
Changes in gene expression with activation or inhibition of GCR 
To better understand how GCR-signaling influences glial reactivity and neuronal 
survival we probed for changes in expression levels of different cytokines and 
components of different signaling pathways in undamaged retina. By using qRT-PCR, we 
found that Dex decreased levels of the pro-inflammatory cytokine il1β and the cytokine-
processing enzyme adam17, whereas levels of il6 and tnfα where unaffected (Fig. 4.9a).  
By comparison, RU486 had no effect upon retinal levels of il1β, tnfα and adam17, 
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whereas levels of il6 were modestly reduced (Fig. 4.9a). We have found that inhibition of 
Notch-signaling in Müller glia can protect retinal neurons against NMDA-induced 
damage (Ghai et al 2010).  Treatment with Dex significantly reduced levels of notch1 and 
modestly increased levels of delta1, whereas levels of dll4, jag, hes1 and hes5 were 
unaffected (Fig. 4.9b).  By comparison, treatment with RU486, increased levels of notch1 
and hes1, whereas levels of delta1, dll4, jag and hes5 were unaffected (Fig. 4.9b).  We 
have recently found that Hedgehog-signaling can have a profound influence upon Müller 
glia in mature chick retina (Todd & Fischer, unpublished observation). We found that 
activation of GCR with Dex reduced levels of the Hedgehog-related genes smo, gli1, gli3 
and ptch1 (Fig. 4.9c).  By comparison, inhibition of GCR with RU486 increased levels of 
smo and gli1, whereas levels of gli3 and ptch1 were unaffected (Fig. 4.9c).  The 
transcription factors ascl1a and pax2 are known to be dynamically regulated in Müller 
glia that have been stimulated to become progenitor-like (Fischer & Reh 2001a, Stanke et 
al 2010).  We found that Dex treatment resulted in a small, but significant, decrease in 
ascl1a and pax2. We found that levels of ascl1a were unaffected by RU486, while levels 
of pax2 were significantly increased (Fig. 4.9d).  
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Continued 
Figure 4.9. Quantitative RT-PCR was used to measure retinal levels of mRNA in 
response to GCR-agonist or antagonist.  Retinas were obtained from eyes that received 
two consecutive daily injections of Dex or RU486. Tissues were harvested 24 hrs after 
the last injection, total RNA extracted from individual retinas, and RNAs processed for 
qRT-PCR.  The histograms illustrate the mean (±SD; n≥5) percent change in mRNA 
levels for genes related to pro-inflammatory cytokines, Notch-signaling, Sonic 
Hedgehog-signaling and transcription factors known to be expression by Müller 
glia/MGPCs.  Significance of difference (*p<0.05) was determined by using Mann-
Whitney U test.   
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Figure 4.9 Continued 
 
 
Discussion 
Our findings indicate that GCR-signaling can mediate significant changes in glial 
reactivity and neuronal survival in the retina following different types of insults.The 
effects of GCR agonists and antagonists in the retina are predominantly elicited through 
the Müller glia. We have recently reported that GCR is expressed by Müller glia in the 
retinas of birds, mice, guinea pigs, canines and humans(Gallina et al 2014b). Further, 
evidence indicates that GCR agonists directly impact cell-signaling through the Müller 
glia(Gallina et al 2014b). Thus, neuronal protection and changes microglial reactivity 
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resulting from GCR-signaling are mediated by the Müller glia. In support on the notion 
that GCR-signaling directly regulates Müller glia, we have reported that MAPK-signaling 
is antagonized by GCR agonist(Gallina et al 2014b), and that levels of Notch related 
genes, Shh related genes, ascl1a and pax2 are down- or up-regulated by GCR agonist and 
antagonist, respectively, in normal retinas (current study).These findings suggest that in 
normal Müller glia, GCR-signaling inhibits the progenitor like properties of these glia. 
The progenitor like properties of Müller glia are promoted by Notch-signaling (Ghai et al 
2010, Hayes et al 2007), Shh-signaling (Todd and Fischer, unpublished), ascl1a (Fausett 
& Goldman 2006, Fischer & Reh 2001a), and levels of Pax2 are increased by conditions 
wherein MGPCs are formed (Stanke et al 2010). 
The reactivity of microglia in the retina can be stimulated by many different 
factors, even by merely puncturing the eye (Fischer et al 2014b). Regardless, of the type 
of retinal damage, GCR agonist suppressed microglial reactivity and protected retinal 
neurons against damage. Similarly, the anti-inflammatory effects of glucocorticoids on 
microglia in the brain are believed to be neuroprotective (Carrillo-de Sauvage et al 2013, 
Golde et al 2003, Nadeau & Rivest 2003). In the CNS, the neuroendocrine system exerts 
influence on immune responses through activation of steroid hormone receptors 
(Sternberg 2006).  Indeed, microglia are known to express steroid activated nuclear 
receptors (Sierra et al 2008).  In damaged tissues, evidence indicates that activation of 
GCR limits inflammation and stimulates the resolution phase (Goulding 
2004). Treatment with Dex can decrease iNOS-mediated toxicity of microglia (Golde et 
al 2003), and inhibition of the GCR-signaling can exacerbate cell damage resulting from 
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the pro-inflammatory actions of lipopolysaccharide (Nadeau & Rivest 2003).  Further, a 
recent study has shown that GCR acts on several key processes limiting pro-
inflammatory actions of activated microglia (Carrillo-de Sauvage et al 2013).  Given that 
activated nuclear GCR in the retina is predominantly found in Müller glia, not microglia 
(Gallina et al 2014b), we propose that the anti-inflammatory effects of Dex on microglia 
are indirectly elicited through the Müller glia.   
Consistent with the hypothesis that the neuroprotective effects of GCR-signaling 
are primarily elicited through the Müller glia, we found that Dex continued to reduce 
numbers of dying cells in NMDA-damaged retinas in the absence of 
microglia/macrophages.  However, the efficacy of Dex mediated neuroprotection was 
significantly less when microglia/macrophages where absent compared to the effects of 
Dex in the presence of microglia/macrophages. These findings suggest that the protective 
effects of GCR-signaling are mediated, in part, through the Müller glia and by 
suppressing the reactivity of microglia.  However, some studies have shown that 
corticosterone influences NMDA mediated currents in culture preparations of different 
types of neurons (Liu et al 2007b, Sato et al 2004, Takahashi et al 2002).  These findings 
indicate that GCR-signaling may directly influence neuronal activity.  However, it is 
unknown whether GCR-expressing glial cells were included in the in vitro preparations. 
Different doses of Dex elicited different effects upon the reactivity of microglia. 
Application of Dex before an excitotoxic insult suppresses microglial reactivity.  The 
higher dose of Dex had long lasting effects on suppressing microglial reactivity.  Our 
data suggest that microglia/macrophages can be predisposed to be quiescent, since 
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activation of GCR before damage kept the microglia/macrophages quiescent. By 
comparison, the lower dose of Dex had no significant effect upon microglial reactivity, 
but was more potent than the higher dose in reducing numbers of dying cells.  Elevated or 
sustained applications of Dex are known to elicit effects opposite to those observed at 
lower or short term doses. For example, biphasic effects of Dex have been reported for 
glycogen metabolism (Zheng et al 2009), systemic hormone levels (Erman et al 
1987)(Ceda et al 1987), skeletal development (Cheng et al 2014), and inflammatory 
responses of endothelial cells (Prajgrod & Danon 1992). It is possible that the higher dose 
of Dex has a diminished effect upon neuronal survival because this dose is approaching 
the level at which the effects of GCR-signaling are reversed. 
Protection of neurons against NMDA-induced excitotoxicity was elicited by 
different doses of GCR agonist, but the efficacy of neuroprotection at the different doses 
was not related to the efficacy of suppressed microglial reactivity. The higher dose of 
Dex was less effective than the lower dose of Dex in suppressing NMDA-induced cell 
death. Interestingly, the lower dose of Dex that was more neuroprotective than the higher 
dose, and this lower dose had little effect upon the reactivity of microglia/macrophages in 
damaged retinas. This suggests that suppression of microglial reactivity may not directly 
underlie neuroprotection. However, in the absence of microglia/macrophages the 
neuroprotective effects of the low dose of Dex were diminished compared to the 
neuroprotective effects in the presence of reactive microglia. These findings suggest that 
Dex treated microglia/macrophages, with diminished reactivity, may support neuronal 
survival following an insult. Interestingly, the ablation of retinal microglia/macrophages 
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does not influence the death of cells in NMDA-damaged retinas (Fischer et al 2015). It 
has been shown that microglia/macrophages acquire two distinct activation patterns, M1 
(classical) and M2 (alternative). The activated M1 cells release cytokines and cytotoxic 
molecules that are important for host defense, destruction of tumor cells and promotion of 
inflammation (Ding et al 1988). The M2 cells release anti-inflammatory molecules, and 
are involved in tissue repair and remodeling while suppressing tissue damage caused by 
inflammation (Sica et al 2006). It has been well established that glucocorticoids give rise 
to M2 microglia/macrophages in vitro (Mantovani et al 2004). However, it is not known 
and whether activation of GCR leads to an M2 phenotype for microglia/macrophages in 
the retina in vivo.  Our data suggest that the low dose of Dex might shift the 
microglia/macrophages towards the M2 phenotype and thereby enhanced 
neuroprotection. 
We have recently reported that the ablation of microglia/macrophages effectively 
blocks the formation of folds and detachments in damaged retinas, whereas IL6 mediated 
activation of microglial reactivity exacerbates these folds and detachments (Fischer et al 
2015). In the present study we show that the folds are also exacerbated by applying FGF2 
before NMDA. Consistent with the previous findings, we report here that suppression of 
microglial reactivity greatly alleviates the folds and detachments in FGF2 and NMDA-
damaged retinas, and alleviates the damage that is incurred by saline induced 
detachments. Evidence shows that, following retinal detachment, infiltrating 
macrophages and resident microglia become reactive and accumulate in the retina and in 
the subretinal space, and these reactive monocytes contribute to retinal detachment 
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pathophysiology, including photoreceptor apoptosis (Anderson et al 1983, Hisatomi et al 
2003, Kaneko et al 2008, Lewis et al 2002, Lewis et al 2005, Nakazawa et al 2007).  We 
propose that suppressing the reactivity of microglia/macrophages may be an effective 
treatment to preserve photoreceptors and vision following retinal detachment. 
 
Conclusions 
We conclude that GCR-signaling can have profound effects upon neuronal 
survival in damaged retinas. We propose that the effects of GCR-signaling are manifested 
predominantly through changes in the Müller glia, which are positive for activated 
nuclear GCR, and secondarily by changes in microglia, which are negative for nuclear 
GCR.  Collectively, our findings support the hypothesis that suppressed microglial 
reactivity resulting from Dex treatment can promote neuronal survival.  Activation of 
GCR-signaling protects inner retinal neurons, including ganglion cells, against cytotoxic 
damage, and protects photoreceptors from damage during retinal detachment.  GCR-
signaling through Müller glia may promote neuronal survival by modulating levels of 
inflammatory cytokines.   
 
 
 
 
142 
 
 
 
 
CHAPTER 5 
 
Summary and Future Directions  
 
Summary of Findings 
 The isolated morphology of the eye renders the retina a readily accessible part 
of the brain, and makes the retina an excellent target to study neuronal regeneration. This 
dissertation reflects findings regarding GCR and Wnt- signaling and their influence on 
the formation and the differentiation of MGPCs in the avian retina along with the 
neuroprotective properties of the GCR signaling. 
In the second chapter we investigate the role that GCR signaling has on the 
formation and differentiation of the MGPCs. We find that GCR is expressed by the 
Müller glia across warm-blooded vertebrates, and the pattern of expression is conserved 
amongst these species. Further, GCR-signaling in the retina is dynamically modulated 
after acute retinal injury. We find that activation of the GCR-signaling inhibits the 
proliferation of MGPCs by inhibiting signaling through MAPK. In the absence of retinal 
damage, activation of GCR-signaling inhibits the formation of MGPCs in response to 
FGF2 treatment.  In addition to the inhibition of MAPK-signaling, activation of GCR 
inhibits FGF2 mediated accumulation of pS6, a readout of mTor-signaling.We find that, 
inhibition of GCR enhances the formation of neurocompetent MGPCs in damaged 
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retinas. Collectively, these findings indicate that GCR-signaling influences the formation 
and the differentiation of MGPCs.   
In the third chapter we investigate the role that Wnt-signaling has on the 
formation of the MGPCs. We find that, in normal healthy retinas, Wnt-signaling and 
nuclear β-catenin are not active in Müller glia.   We find that Wnt-signaling is activated 
in Müller glia/MGPCs downstream of FGF2/MAPK following excitotoxic retinal 
damage.  In NMDA-damaged retinas or in retinas treated with FGF2, activation of Wnt-
signaling via inhibition of GSK3β resulted in accumulation of nuclear β-catenin and 
proliferation of MGPCs. We also found that inhibition of GCR increased levels of axin2 
and tcf-1, suggesting that GCR-signaling is coordinated with Wnt-signaling, and might 
generally act to keep Wnt-signaling quiescent. Further, we found that inhibition of 
GSK3β combined with FGF2 treatment failed to stimulate the formation of proliferating 
MGPCs, suggesting that FGF2/MAPK- and Wnt/ β-catenin-signaling do not act 
synergistically to stimulate the formation of MGPCs.   However, we find that FGF2 alone 
results in a significant and selective accumulation of nuclear β-catenin in Müller glia, 
indicating that FGF2/MAPK-signaling recruits the Wnt pathway into the signaling 
network that drives the formation of proliferating MGPCs.  Collectively, these findings 
indicate that Wnt-signaling influences the formation and proliferation of MGPCs.   
In the fourth chapter we investigate the neuroprotective properties of GCR-
signaling. We find that in normal retina, activation of GCR-signaling reduces the 
reactivity of the microglia specifically through the genomic activity of the GCR receptor 
in the Müller glia. We find that the low dose of GCR activator, Dex, and not the higher 
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dose of Dex, is more effective in preserving the neurons in NMDA-damaged retina, in 
spite of the ability of the higher dose of Dex to suppress the microglia, while the low dose 
of Dex failed to do so. However, when the microglia were ablated, the effectivity of the 
low dose of Dex in preserving the neurons was reduced. These results indicate that there 
is a fine balance when it comes to what concentration of the activator is enough to result 
in a beneficial outcome. The data suggests that the low dose of Dex might induce a shift 
in the phenotype of the microglia, pushing them toward the M2 phenotype, which release 
pro-neuronal cytokines and chemokines. Hoewever, future studies need to assess whether 
this is the case. We find that activation of the GCR-signaling preserves the ganglion cells 
in colchicine-damaged retina. We also find that suppression of microglial reactivity 
greatly alleviates the folds and detachments in damaged retinas, and eases the damage 
that is produced by saline induced detachments. Our data indicate that GCR-signaling can 
have profound effects upon neuronal survival in damaged retinas. 
 
 
Future Directions for MGPCs – Derived Retinal Regeneration 
 
Introduction 
Cold-blooded vertebrates such as zebrafish have the extraordinary ability to 
regenerate the retina. However, in the warm-blooded vertebrates including humans, the 
ability of the retina to regenerate does not exist. Extensive research has been done to 
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identify the intrinsic and extrinsic factors that are involved in retina regeneration in cold-
blooded vertebrates in the hope that these findings be translated to humans. On the other 
hand, ongoing research provides some hope for induction and enhancement of the 
neurogenic potential of Müller glia in warm-blooded vertebrates. Evidence show that 
there is a potential for MGPCs-derived photoreceptor replacement based on findings that 
elucidate the mechanisms that control photoreceptor differentiation (Hennig et al 2008), 
and based on data that indicate that transplanted functional photoreceptors can be 
incorporated into degenerating retinas (Barber et al 2012, MacLaren et al 2006, Pearson 
et al 2012, West et al 2012). However, the replacement of functional ganglion cells might 
be much more challenging, given the requirement for guided axonal growth and target 
acquisition. In fish, regeneration of the ganglion cells is complete, and this entails guided 
axonal growth and target acquisition in higher visual centers (Becker & Becker 2008, 
Fimbel et al 2007, Sherpa et al 2008). In warm-blooded vertebrates, optic nerve damage 
based studies have demonstrated axonal growth induction; however, the growth is 
random and these axons can’t have guided extensions to the higher visual centers (Park et 
al 2008, Sun et al 2011). Further, it has been shown that ganglion cells can be produced 
by MGPCs (Fischer & Reh 2002), but it seems unlikely that the regenerated ganglion 
cells produce axons and terminal fields that establish functional connections in higher 
visual centers. Ongoing research demonstrates that induction of Müller glia de-
differentiation and generation of proliferating MGPCs is achievable by applying  secreted 
factors, including Wnts, FGFs, EGF and IGF1/insulin, but only a very small percentage 
of the progeny differentiate into retinal neurons in vivo in warm-blooded vertebrates 
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(Fischer et al 2002b, Fischer & Reh 2001a, Karl et al 2008). Therefore, the enhancement 
of neuronal differentiation in warm-blooded vertebrates is an open and challenging field 
of study, given the non-permissive nature of the environment provided by mature, 
damaged retina (Stanke & Fischer 2010). 
There is a need to study pathways which have been implicated in the regulation of 
vertebrate neural development, pathways that have not been yet explored in the contest of 
retinal development. Further, retinal regeneration might not be dependent on only one 
global factor or pathway, indeed the body of evidence show that multiple pathways may 
act synergistically or independently, and they are probably needed at different stages of 
the retinal development. The study of crosstalk between different signaling pathways, and 
multiple manipulations of these pathways might provide with the insight and the 
knowledge needed to induce and finalize regeneration of the retina in warm-blooded 
vertebrates. A schematic of the current state of the findings from our lab regarding the 
signaling network involved in MGPCs formation in NMDA- damaged avian retina is 
shown in figure 5.1.  
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Figure 5.1. Signaling network that influences MGPCs formation in NMDA-
damaged avian retina. 
 
 
Future studies for GCR-signaling pathway and retinal regeneration 
In the second chapter we show that GCR –signaling inhibits the de-differentiation 
of Müller glia and proliferation of Müller glia-derived Progenitor Cells (MGPCs), and 
inhibition of GCR-signaling promotes the reprogramming of Müller glia into neurogenic 
MGPCs. Further we propose that the effects of GCR are exerted by Müller glia since the 
GCR-signaling is active mainly in the Müller glia. It would be interesting to investigate 
what are the direct targets of the GCR-signaling that are involved in the alteration of 
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MGPCs. This can be done by chromatin immunoprecipitation, followed by deep 
sequencing.  Chick is a good model to study retinal regeneration. However, there are 
limitations when it comes to using genetics in chicks. Therefore, using mouse to study the 
influence of the GCR-signaling on MGPCs would be a new direction. An adult floxed 
Mutant mice that possess loxP sites flanking exon 3 of the GCR gene can be crossed with 
Rlbp1-ERT2Cre mutant mice to generate the conditional mutant Rlbp1-ERT2Cre -GCR 
Mouse, and knock out GCR only in Müller glia. The studies in mice would expand the 
knowledge on this pathway and retinal regeneration in higher vertebrates.  
 
Future studies for Wnt-signaling pathway and retinal regeneration 
In the present study we activate Wnt-signaling by inhibiting GSK3β. However, 
GSK3β is involved in numerous signaling events in cells, and its inactivation has 
pleiotropic effects.  Several signaling pathways regulate GSKβ activity during neural 
development (Hur & Zhou 2010). It is widely accepted that Akt is the major upstream  
inhibitor of GSK3β (Cross et al 1995, Frame & Cohen 2001); mTor, PI3K, integrins and 
growth factors inhibit the activity of GSK3β (Medina & Wandosell 2011) ; evidence 
shows that  p38 mitogen activated protein kinase (p38MAPK) regulates the activity of 
GSK3β (Thornton et al 2008). Further, among GSK3β substrates are many transcription 
factors that play important parts in the regulation of gene expression throughout 
neurodevelopment such as CREB, the nuclear factor of activated T cells (Nfat) family of 
proteins, neurogenin 2, SMAD1, c-Jun and β-catenin (Hur & Zhou 2010). Therefore, 
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inhibiting GSK3β does not affect exclusively Wnt-signaling. It would be interesting to 
investigate other pathways affected by the manipulation of GSK3β, and what other 
downstream factors are influenced besided β-catenin in damaged avian retina. Further, 
activating canonical Wnt-signaling specifically would provide with the insight whether 
Wnt-signaling is sufficient for the proliferation of MGPCs in damaged retina. However, a 
specific, unambiguous activator of the canonical wnt-signaling has not been established. 
Wnt ligands, besides activating canonical Wnt-signaling, might act on the non-canonical 
Wnt-signaling pathways. Several chemical compounds are used to  promote Wnt-
signaling, but most of these elevate an existing Wnt-signaling rather than activate the 
pathway in a ligand independent manner (Clevers & Nusse 2012). Therefore, there is a 
need for the development of new chemical compounds that activate the pathway in a 
ligand dependent manner.  
Several strategies have been implemented in hope to increase neuronal 
differentiation in warm-blooded vertebrates. Whether it is forced-expression of 
neurogenic transcription factors such as NeuroD and Ngn2 (Fischer et al 2004c, Ooto et 
al 2004)or Ascl1(Pollak et al 2013), or manipulation of signaling pathways such as  
Notch-signaling inhibition (Hayes et al 2007) or GCR-signaling inhibition (Gallina et al 
2014b) evidence shows that while there is a significant increase in MGPCs-derived 
neuronal differentiation, this increase is moderate. Further investigation is needed to 
assess whether these newly generated neurons are integrated and functional. There is a 
need for the coordinated manipulation of multiple signaling pathways and/ or neurogenic 
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factors to increase the number of the differentiated neurons, and possibly to achieve 
retinal regeneration in warm-blooded vertebrates.  
Gain and loss of function studies reveal that canonical Wnt-signaling pathway is 
involved in coordinating critical processes during ocular tissue development (reviewed by 
Fuhrmann 2008). For the past two decades evidence has established an essential role of 
IGF signaling in the normal growth and development of the CNS. Evidence indicates that 
inhibition of Wnt-signaling by IGF leads to overgrowth of forebrain tissue and promotes 
the formation of ectopic eyes in xenopus (Richard-Parpaillon et al 2002).  In our study we 
tested whether inhibition of Wnt-signaling pathway via XAV939, which stabilizes Axin2, 
promotes neuronal differentiation, and although we detected an increase in the mRNA 
levels of the proneuronal transcription factor Ascl1, we failed to detect any significant 
increase in the number of newly differentiated neurons.  We speculate that apart from 
inhibiting Wnt-signaling, other factors are needed to drive neuronal differentiation in 
damaged retina.  It remains to be tested whether application of IGF, once the progeny has 
proliferated will inhibit Wnt-signaling and provide additional features to enhance 
neuronal differentiation.  Further, it remains to be tested whether early inhibition of 
GCR-signaling followed by inhibition of Wnt-signaling once the progeny has proliferated  
would further increase the number of the differentiated neurons in damaged retina since, 
as stated previously, we find that inhibition of GCR increases the number of 
differentiated neurons at the expense of Müller glia.  
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Crosstalk betweenGCR, WNT and other pathways  
 The investigation of a single cell signaling pathway is common amongst 
research studies. As a result, contrasting observations on biological functions, that are 
highly dependent on the model system and the cell type under investigation, are reported. 
Therefore, it is necessary to investigate the signaling pathways not only as isolated 
entities but also as incorporated higher order networks that result in the formation of the 
molecular framework necessary for appropriate responses. Shifting the research model to 
these integrative kinds of studies will provide with insights that will expand the 
understanding of how a limited number of extrinsic cues modulate cellular outcomes, and 
what physiological and pathophysiological processes act to disturb these signaling 
networks. 
As mentioned throughout this dissertation, in different model systems similar cell-
signaling pathways influence the formation of MGPCs. Advances have been done in 
studying the signaling network involved in the initiation of the formation of MGPCs in 
zebrafish. This signaling network can be initiated by insulin/PI3K and FGF2/MAPK and 
involves the recruitment of Jak/Stat- and Wnt-signaling (Cheng et al 2014, Wan et al 
2014).  Ongoing studies from our lab indicate that in normal chick retina FGF2/MAPK-
signaling initiates a “snowball”of signaling pathways that can culminate in the formation 
of proliferating MGPCs (Fig 5.2). For instance, we show that activation of GCR -
signaling inhibits FGF2-induced formation of proliferating MGPCs, and inhibits the 
expression of pERK, egr1, and cFos (Gallina et al 2014b). We also show that FGF2 
influences GCR-signaling at the ligand level (Gallina et al 2014b). We show that 
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FGF2/MAPK appears to induce Wnt-signaling in the form of accumulation of nuclear β-
catenin. FGF2/MAPK appears to initiate Notch-signaling and the formation of MGPCs 
(Ghai et al 2010). FGF2/MAPK renders Müller glia/MGPCs responsive to Hedgehog-
signaling, and thereafter Hedgehog-signaling stimulates the formation of MGPCs (Todd 
& Fischer 2015).  FGF2 stimulates the accumulation of pS6, a readout of mTor-signaling, 
in retinal glia, and inhibition of mTor suppresses the formation of MGPCs (unpublished 
observation).Inhibition of gp130 or Stat3 signaling suppresses MGPC formation in FGF2 
stimulated retinas, and activation of Jak-Stat signaling via CNTF is able to synergize with 
FGF2 signaling to amplify MGPC proliferation in the absence of damage (unpublished 
observation). 
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Figure 5.2. Signaling network that influences MGPCs formation in normal avian 
retina 
 
 
We show that activation of GCR with Dex reduced levels of the Hedgehog related 
genes smo, gli1, gli3 and ptch1.  By comparison, inhibition of GCR with RU486 
increased levels of smo and gli1, whereas levels of gli3 and ptch1 were unaffected. It 
remains to be tested whether Hedgehog-signaling influences GCR-signaling in a 
feedback loop; does activation of Hedgehog-signaling influences GCR-signaling? This 
can be done by activating Hedgehog with recombinant human Shh or SAG, a 
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Smoothened (SMO) agonist, and measuring the levels of GCR, HSD1 and HSD2. 
Further, it remains to be tested whether these two pathways synergize to influence the 
formation of MGPCs in normal retina without the application of FGF2. This can be done 
by activation of Hedgehog-signaling and inhibition of GCR-signaling at the same time, 
and probing for MGPCs formation. Moreover, it remains to be tested whether GCR-
signaling and Hedgehog-signaling crosstalk in damaged retina. This can be done by 
assessing whether the levels of ptch, gli1, gli2, and gli3 expression are affected by 
activation/inhibition of GCR, and vice versa, assessing the levels of nuclear GCR, and 
HSD1/HSD2 upon activation/inhibition of Hedgehog. A change in either signaling 
pathway will determine whether these pathways crosstalk in damaged retina. If the results 
show no effects, these two pathways act independently to influence the formation of 
MGPCs.   
We find that activation of the GCR-signaling in FGF2 treated retinas inhibits pS6 
expression, showing that GCR and mTor-signaling crosstalk following FGF2 treatment. 
Inhibition of mTor suppresses the formation of MGPCs and mTor signaling is 
downstream of MAPK (unpublished observation). Is the inhibition of pS6 a result of 
inhibion of MAPK by GCR-signaling, or does GCR-signaling act independently on 
mTor-signaling. This can be tested by inhibiting PTEN with VO-OHpic trihydrate 
(VOTH) (activating mTor) and activating GCR-signaling at the same time in normal 
retina. Inhibition of PTEN results in accumulation of pS6 (unpublished observation). If 
activation of GCR-signaling results in downregulation of pS6 in this paradigm, GCR-
signaling and mTor-signaing crosstalk. It remains to be tested whether mTor-signaling 
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influences GCR-signaling in a feedback loop. This can be done by activating/inhibing 
mTor-signaling and measuring the levels of GCR, HSD1 and HSD2. Further, it remains 
to be tested whether these two pathways synergize to influence the formation of MGPCs 
in normal retina without the application of FGF2. This can be done by activation of 
mTor-signaling and inhibition of GCR-signaling at the same time, and probing for 
MGPCs formation. Moreover, it remains to be tested whether GCR-signaling and mTor-
signaling crosstalk in damaged retina. Although activation of mTor with PTEN inhibitor 
fails to induce the formation of MGPCs in damaged retina, inhibition of mTor inhibits the 
formation of MGPCs (unpublished observation). This can be done by inducing MGPCs 
formation by inhibiting GCR-signaling in minimally damaged retina, and inhibiting 
mTor-signaling. If inhibition of mTor- signaling inhibits the formation of MGPCs and 
affects the levels of GCR, or HSD1/2, than these two pathways crosstalk in damaged 
retina. If the results show no effects, these two pathways act independently to influence 
the formation of MGPCs.   
We find that activation or inhibition of Wnt-signaling had no effect upon Müller 
glia in undamaged retinas. However, FGF2 treatment renders Müller glia responsive to 
canonical Wnt-signaling.  Further, we find that the combination of IGF1 and Hh-agonist, 
which induces nuclear migration but fails to drive proliferation (Todd & Fischer 2015), 
induces Wnt-signaling in Müller glia.  Based on these finding, we suggest that the Wnt/β-
catenin pathway is necesary, but not sufficient to drive the reprogramming of Müller glia 
into proliferating MGPCs. 
156 
 
We show that inhibition of GCR influences Wnt-signaling in normal retina. It 
remains to be tested whether Wnt-signaling influences GCR-signaling in a feedback loop; 
does activation of Wnt-signaling downregulate GCR-signaling? This can be done by 
activating Wnt-signaling via specific Wnt ligands, and measuring the levels of GCR, 
HSD1 and HSD2 (the ligand processing enzymes). Further, it remains to be tested 
whether these two pathways synergize to influence the formation of MGPCs in normal 
retina without the application of FGF2 since none of these pathways were able to induce 
MGPCs formation. This can be done by activation of Wnt-signaling and inhibition of 
GCR-signaling at the same time, and probing for MGPCs formation. Moreover, it 
remains to be tested whether GCR-signaling and Wnt-signaling crosstalk in damaged 
retina. This can be done by assessing whether the levels of nuclear β-catenin expression 
and other components of Wnt-signaling are affected by activation/inhibition of GCR, and 
vice versa, assessing the levels of nuclear GCR, and HSD1/HSD2 upon activation/ 
inhibition of Wnt-signaling. A change in either signaling pathway will determine whether 
these pathways crosstalk in damaged retina. However, since GCR-signaling activation 
inhibits MAPK by upregulating spred1 in damaged retina, inhibition of Wnt-signaling 
might be a result of MAPK inhibition. This can be avoided by inhibiting GCR-signaling 
in minimaly damaged retina by applying RU486 and inhibiting Wnt-signaling with 
XAV939 at the same time. A decrease in the number of proliferating MGPCs shows that 
GCR-signaling and Wnt-signaling crosstalk.  
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Future Directions for Studies on GCR-mediated Neuronal Survival 
 
Glucocorticoids are widely used as anti-inflammatory therapies in treatment of 
inflammatory and autoimmune diseases (Buttgereit et al 2004, Heijdra 2007, Highland 
2004, Metge et al 2001, Rhen & Cidlowski 2005, Song et al 2005, Thiele et al 2005, 
Walsh et al 1996). Glucocorticoids are also used for a variety of acute and chronic 
neuroinflammatory diseases, including spinal cord injury, viral encephalitis, CNS lupus, 
childhood epilepsy, and bacterial meningitis (Dinkel et al 2002, Fitch & van de Beek 
2008).  As a transcription factor, GCR  increases the transcription and synthesis of IκBa, 
and inhibits NFκB by promoting its retention in the cytosol (Scheinman et al 1995), thus 
indirectly suppressing the translation of inflammatory cytokines. Further, NFκB 
responsive elements in the IL6 and IL8 promoters have been implicated in GCR mediated 
repression (Black 1994). As a monomer, GCR physically interacts with proteins such as 
c-Fos, c-Jun and NFκB, that synergistically coordinate the transcriptional activation of 
pro-inflammatory cytokines (Bladh et al 2005). On the other hand, Glucocorticoids 
enhance the production of anti-inflammatory molecules such as IL-10, IL-1RA, secretory 
leukocyte inhibitory protein and neutral endopetidase (reviewed by Schaaf & Cidlowski 
2002). It has been reported that Glucocorticoids downregulate iNOS, therefore inhibiting 
the synthesis of NO, which is known to cause oligodendrocyte destruction (Adler & 
Raymond 2007). Glucocorticoids may give rise to a M2 macrophage functional 
phenotype that share properties with IL4 or IL13-activated macrophages, indicated by 
high expression of mannose receptor, IL-10 and angiogenic factors (reviewed by 
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Mantovani et al 2004). Given that the GCR signaling has a variety of mechanisms, it is 
likely that these mechanisms are involved in the modulation of neuroinflammation. 
Nevertheless, these mechanisms are not well understood in the light of different 
pathologies. It has been shown that, in a rodent model of RD, activation of GCR via the 
agonist Dex leads to downregulation of inflammatory cytokines IL1β and TNFα, which 
in return mediate photoreceptor death (Nakazawa et al 2011). We show that GCR is 
expressed mainly by Müller glia across species. Further, our data suggest that the low 
dose of Dex might shift the microglia/macrophages towards the M2 phenotype and 
thereby enhanced neuroprotection. It remains to be tested whether GCR signaling affects 
microglia/macrophages phenotype, and whether activation of GCR leads to an M2 
microglia/macrophages phenotype in damaged retina in vivo.This can be done by 
measuring the levels of inflammatory and anti-inflammatory cytokines and chemokines, 
specifically the M2 markers, in different paradigms of damaged retina (NMDA, 
Colchicine, and RD). 
We find that a higher dose of Dex did not protect the neurons as well as a lower 
dose of Dex. It has been proposed that glucocorticoids may also act via membrane bound 
receptors in neurons (Orchinik et al 1991). Further, it has been suggested that activation 
of membrane bound GCR can result  in apoptosis (reviewed by Buttgereit & Scheffold 
2002), and these effects are observed after a very short time, effects that cannot be 
explained by the classic (genomic) mechanism of action. It remains to be tested whether 
retinal neurons express these membrane-bound GCRs. Evidence shows that the number 
of these receptors per cell is very low, and sensitive methods of detection need to be 
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performed. Further, it should be tested whether activation of membrane bound GCR is 
responsible for higher number of TUNEL positive neurons observed in this study when 
higher concentration of Dex was used. This can be done by using BSA-Dex to activate 
only the membrane-bound GCR. When Dex is linked to BSA, this combination is too 
large to diffuse into the cellular membranes, and as a result only the membrane-bound 
GCR is activated. Since the effects of activated membrane-bound GCR must be very fast, 
it would also be helpful to assess cell death early. 
 
Concluding Remarks 
Ocular diseases are caused by the degeneration and death of neurons in the retina, 
and a promising possible treatment for vision-threatening retinal diseases is to stimulate 
neuronal regeneration from the Müller glia. The data presented in this dissertation adds to 
the existing knowledge about the implication of different pathways in regulating 
proliferative, regenerative and neuroprotective properties of Müller glia.These finding 
will help with future therapies to replace dying neurons in the retina, and preserving 
vision. 
 
 
 
 
 
 
160 
 
 
 
 
REFERENCES 
 
Adler R, Raymond PA. 2007. Have we achieved a unified model of photoreceptor cell 
fate specification in vertebrates? Brain Res 
Alonso G. 2000. Prolonged corticosterone treatment of adult rats inhibits the proliferation 
of oligodendrocyte progenitors present throughout white and gray matter regions 
of the brain. Glia 31: 219-31 
Amankulor NM, Hambardzumyan D, Pyonteck SM, Becher OJ, Joyce JA, Holland EC. 
2009. Sonic hedgehog pathway activation is induced by acute brain injury and 
regulated by injury-related inflammation. J Neurosci 29: 10299-308 
Amato MA, Boy S, Perron M. 2004. Hedgehog signaling in vertebrate eye development: 
a growing puzzle. Cell Mol Life Sci 61: 899-910 
Anacker C, Cattaneo A, Luoni A, Musaelyan K, Zunszain PA, et al. 2013. 
Glucocorticoid-related molecular signaling pathways regulating hippocampal 
neurogenesis. Neuropsychopharmacology 38: 872-83 
Anderson DH, Stern WH, Fisher SK, Erickson PA, Borgula GA. 1983. Retinal 
detachment in the cat: the pigment epithelial-photoreceptor interface. Invest 
Ophthalmol Vis Sci 24: 906-26 
Anezary L, Medina JI, Sanchez-Nogueiro J, Lopez-Gallardo M, Prada C. 2001. Shape 
diversity among chick retina Müller cells and their postnatal differentiation. J 
Comp Neurol 438: 32-49 
Ashery-Padan R, Gruss P. 2001. Pax6 lights-up the way for eye development. Curr Opin 
Cell Biol 13: 706-14 
Avilion AA, Nicolis SK, Pevny LH, Perez L, Vivian N, Lovell-Badge R. 2003. 
Multipotent cell lineages in early mouse development depend on SOX2 function. 
Genes Dev 17: 126-40 
Ayroldi E, Cannarile L, Migliorati G, Nocentini G, Delfino DV, Riccardi C. 2012. 
Mechanisms of the anti-inflammatory effects of glucocorticoids: genomic and 
nongenomic interference with MAPK signaling pathways. Faseb J 26: 4805-20 
161 
 
Bao ZZ, Cepko CL. 1997. The expression and function of Notch pathway genes in the 
developing rat eye. J Neurosci 17: 1425-34 
Barber AC, Hippert C, Duran Y, West EL, Bainbridge JW, et al. 2012. Repair of the 
degenerate retina by photoreceptor transplantation. Proc Natl Acad Sci U S A 110: 
354-9 
Barbosa-Sabanero K, Hoffmann A, Judge C, Lightcap N, Tsonis PA, Del Rio-Tsonis K. 
2012. Lens and retina regeneration: new perspectives from model organisms. 
Biochem J 447: 321-34 
Becker CG, Becker T. 2008. Adult zebrafish as a model for successful central nervous 
system regeneration. Restor Neurol Neurosci 26: 71-80 
Behrens J, von Kries JP, Kuhl M, Bruhn L, Wedlich D, et al. 1996. Functional interaction 
of beta-catenin with the transcription factor LEF-1. Nature 382: 638-42 
Bernardos RL, Barthel LK, Meyers JR, Raymond PA. 2007. Late-stage neuronal 
progenitors in the retina are radial Müller glia that function as retinal stem cells. J 
Neurosci 27: 7028-40 
Bernardos RL, Lentz SI, Wolfe MS, Raymond PA. 2005. Notch-Delta signaling is 
required for spatial patterning and Müller glia differentiation in the zebrafish 
retina. Dev Biol 278: 381-95 
Black MM. 1994. Microtubule transport and assembly cooperate to generate the 
microtubule array of growing axons. Prog Brain Res 102: 61-77 
Blackshaw S, Harpavat S, Trimarchi J, Cai L, Huang H, et al. 2004. Genomic analysis of 
mouse retinal development. PLoS Biol 2: E247 
Bladh LG, Liden J, Pazirandeh A, Rafter I, Dahlman-Wright K, et al. 2005. Identification 
of target genes involved in the antiproliferative effect of glucocorticoids reveals a 
role for nuclear factor-(kappa)B repression. Mol Endocrinol 19: 632-43 
Boije H, Ring H, Lopez-Gallardo M, Prada C, Hallbook F. 2010. Pax2 is expressed in a 
subpopulation of Müller cells in the central chick retina. Dev Dyn 239: 1858-66 
Brewer JA, Khor B, Vogt SK, Muglia LM, Fujiwara H, et al. 2003. T-cell glucocorticoid 
receptor is required to suppress COX-2-mediated lethal immune activation. Nat 
Med 9: 1318-22 
Bringmann A, Iandiev I, Pannicke T, Wurm A, Hollborn M, et al. 2009. Cellular 
signaling and factors involved in Müller cell gliosis: neuroprotective and 
detrimental effects. Prog Retin Eye Res 28: 423-51 
162 
 
Bringmann A, Pannicke T, Grosche J, Francke M, Wiedemann P, et al. 2006. Müller cells 
in the healthy and diseased retina. Prog Retin Eye Res 25: 397-424 
Bruna A, Nicolas M, Munoz A, Kyriakis JM, Caelles C. 2003. Glucocorticoid receptor-
JNK interaction mediates inhibition of the JNK pathway by glucocorticoids. 
Embo J 22: 6035-44 
Buschini E, Piras A, Nuzzi R, Vercelli A. 2011. Age related macular degeneration and 
drusen: neuroinflammation in the retina. Prog Neurobiol 95: 14-25 
Buttgereit F, Scheffold A. 2002. Rapid glucocorticoid effects on immune cells. Steroids 
67: 529-34 
Buttgereit F, Straub RH, Wehling M, Burmester GR. 2004. Glucocorticoids in the 
treatment of rheumatic diseases: an update on the mechanisms of action. Arthritis 
Rheum 50: 3408-17 
Cajal SR. 1900. Structure of the Mammalian Retina 
Cameron HA, Gould E. 1994. Adult neurogenesis is regulated by adrenal steroids in the 
dentate gyrus. Neuroscience 61: 203-9 
Carrillo-de Sauvage MA, Maatouk L, Arnoux I, Pasco M, Sanz Diez A, et al. 2013. 
Potent and multiple regulatory actions of microglial glucocorticoid receptors 
during CNS inflammation. Cell Death Differ 20: 1546-57 
Cartwright P, McLean C, Sheppard A, Rivett D, Jones K, Dalton S. 2005. LIF/STAT3 
controls ES cell self-renewal and pluripotency by a Myc-dependent mechanism. 
Development 132: 885-96 
Cebulla CM, Zelinka CP, Scott MA, Lubow M, Bingham A, et al. 2012. A chick model 
of retinal detachment: cone rich and novel. PLoS One 7: e44257 
Ceda GP, Davis RG, Hoffman AR. 1987. Glucocorticoid modulation of growth hormone 
secretion in vitro. Evidence for a biphasic effect on GH-releasing hormone 
mediated release. Acta Endocrinol (Copenh) 114: 465-9 
Chambers I, Colby D, Robertson M, Nichols J, Lee S, et al. 2003. Functional expression 
cloning of Nanog, a pluripotency sustaining factor in embryonic stem cells. Cell 
113: 643-55 
Chan WY, Kohsaka S, Rezaie P. 2007. The origin and cell lineage of microglia: new 
concepts. Brain Res Rev 53: 344-54 
163 
 
Cheng X, Chen JL, Ma ZL, Zhang ZL, Lv S, et al. 2014. Biphasic influence of 
dexamethasone exposure on embryonic vertebrate skeleton development. Toxicol 
Appl Pharmacol 281: 19-29 
Chiang CS, Stalder A, Samimi A, Campbell IL. 1994. Reactive gliosis as a consequence 
of interleukin-6 expression in the brain: studies in transgenic mice. Dev Neurosci 
16: 212-21 
Cho SH, Cepko CL. 2006. Wnt2b/beta-catenin-mediated canonical Wnt signaling 
determines the peripheral fates of the chick eye. Development 133: 3167-77 
Chow RL, Altmann CR, Lang RA, Hemmati-Brivanlou A. 1999. Pax6 induces ectopic 
eyes in a vertebrate. Development 126: 4213-22 
Ciani L, Salinas PC. 2005. WNTs in the vertebrate nervous system: from patterning to 
neuronal connectivity. Nat Rev Neurosci 6: 351-62 
Ciuffreda L, Incani UC, Steelman LS, Abrams SL, Falcone I, et al. 2013. Signaling 
Intermediates (MAPK and PI3K) as Therapeutic Targets in NSCLC. Curr Pharm 
Des 
Clevers H, Nusse R. 2012. Wnt/beta-catenin signaling and disease. Cell 149: 1192-205 
Close JL, Gumuscu B, Reh TA. 2005. Retinal neurons regulate proliferation of postnatal 
progenitors and Müller glia in the rat retina via TGF beta signaling. Development 
132: 3015-26 
Close JL, Liu J, Gumuscu B, Reh TA. 2006. Epidermal growth factor receptor expression 
regulates proliferation in the postnatal rat retina. Glia 54: 94-104 
Conner C, Ackerman KM, Lahne M, Hobgood JS, Hyde DR. 2014. Repressing Notch 
Signaling and Expressing TNFalpha Are Sufficient to Mimic Retinal 
Regeneration by Inducing Müller Glial Proliferation to Generate Committed 
Progenitor Cells. J Neurosci 34: 14403-19 
Coulombre JL, Coulombre AJ. 1965. Regeneration of neural retina from the pigmented 
epithelium in the chick embryo. Dev Biol 12: 79-92 
Coulombre JL, Coulombre AJ. 1970. Influence of mouse neural retina on regeneration of 
chick neural retina from chick embryonic pigmented epithelium. Nature 228: 559-
60 
Cross DA, Alessi DR, Cohen P, Andjelkovich M, Hemmings BA. 1995. Inhibition of 
glycogen synthase kinase-3 by insulin mediated by protein kinase B. Nature 378: 
785-9 
164 
 
Crossley PH, Martinez S, Ohkubo Y, Rubenstein JL. 2001. Coordinate expression of 
Fgf8, Otx2, Bmp4, and Shh in the rostral prosencephalon during development of 
the telencephalic and optic vesicles. Neuroscience 108: 183-206 
Darrigol O. 2012. A History of Optics from Greek Antiquity to the Nineteenth Century. 
New York: Oxford University Press Inc 
Das AV, Mallya KB, Zhao X, Ahmad F, Bhattacharya S, et al. 2006. Neural stem cell 
properties of Müller glia in the mammalian retina: regulation by Notch and Wnt 
signaling. Dev Biol 299: 283-302 
De Bosscher K, Beck IM, Haegeman G. 2010. Classic glucocorticoids versus non-
steroidal glucocorticoid receptor modulators: survival of the fittest regulator of the 
immune system? Brain Behav Immun 24: 1035-42 
De Bosscher K, Vanden Berghe W, Beck IM, Van Molle W, Hennuyer N, et al. 2005. A 
fully dissociated compound of plant origin for inflammatory gene repression. 
Proc Natl Acad Sci U S A 102: 15827-32 
De Kloet ER, Vreugdenhil E, Oitzl MS, Joels M. 1998. Brain corticosteroid receptor 
balance in health and disease. Endocr Rev 19: 269-301 
De Luca A, Maiello MR, D'Alessio A, Pergameno M, Normanno N. 2012. The 
RAS/RAF/MEK/ERK and the PI3K/AKT signalling pathways: role in cancer 
pathogenesis and implications for therapeutic approaches. Expert Opin Ther 
Targets 16 Suppl 2: S17-27 
de Melo J, Miki K, Rattner A, Smallwood P, Zibetti C, et al. 2012. Injury-independent 
induction of reactive gliosis in retina by loss of function of the LIM 
homeodomain transcription factor Lhx2. Proc Natl Acad Sci U S A 109: 4657-62 
Del Bene F, Wehman AM, Link BA, Baier H. 2008. Regulation of neurogenesis by 
interkinetic nuclear migration through an apical-basal notch gradient. Cell 134: 
1055-65 
Ding AH, Nathan CF, Stuehr DJ. 1988. Release of reactive nitrogen intermediates and 
reactive oxygen intermediates from mouse peritoneal macrophages. Comparison 
of activating cytokines and evidence for independent production. J Immunol 141: 
2407-12 
Dinkel K, Ogle WO, Sapolsky RM. 2002. Glucocorticoids and central nervous system 
inflammation. J Neurovirol 8: 513-28 
Dorrell MI, Friedlander M. 2006. Mechanisms of endothelial cell guidance and vascular 
patterning in the developing mouse retina. Prog Retin Eye Res 25: 277-95 
165 
 
Dufner A, Thomas G. 1999. Ribosomal S6 kinase signaling and the control of translation. 
Exp Cell Res 253: 100-9 
Duggan A, Madathany T, de Castro SC, Gerrelli D, Guddati K, Garcia-Anoveros J. 2008. 
Transient expression of the conserved zinc finger gene INSM1 in progenitors and 
nascent neurons throughout embryonic and adult neurogenesis. J Comp Neurol 
507: 1497-520 
Erman A, Pitcock JA, Liston T, Brown P, Baer PG, Nasjletti A. 1987. Biphasic effect of 
dexamethasone on urinary prostaglandins in rats: relation to alterations in renal 
medulla triglycerides and prostaglandin metabolism. Endocrinology 121: 1853-61 
Fausett BV, Goldman D. 2006. A role for alpha1 tubulin-expressing Müller glia in 
regeneration of the injured zebrafish retina. J Neurosci 26: 6303-13 
Fausett BV, Gumerson JD, Goldman D. 2008. The proneural basic helix-loop-helix gene 
ascl1a is required for retina regeneration. J Neurosci 28: 1109-17 
Fimbel SM, Montgomery JE, Burket CT, Hyde DR. 2007. Regeneration of inner retinal 
neurons after intravitreal injection of ouabain in zebrafish. J Neurosci 27: 1712-24 
Fischer AJ. 2005. Neural regeneration in the chick retina. Prog Retin Eye Res 24: 161-82 
Fischer AJ. 2011. Müller glia, vision-guided ocular growth, retinal stem cells, and a little 
serendipity: the cogan lecture. Invest Ophthalmol Vis Sci 52: 7705-10 
Fischer AJ, Bongini R. 2010. Turning Müller glia into neural progenitors in the retina. 
Mol Neurobiol 42: 199-209 
Fischer AJ, Bongini R, Bastaki N, Sherwood P. 2011. The maturation of photoreceptors 
in the avian retina is stimulated by thyroid hormone. Neuroscience 178: 250-60 
Fischer AJ, Bosse JL, El-Hodiri HM. 2014a. The ciliary marginal zone (CMZ) in 
development and regeneration of the vertebrate eye. Exp Eye Res 116: 199-204 
Fischer AJ, Dierks BD, Reh TA. 2002a. Exogenous growth factors induce the production 
of ganglion cells at the retinal margin. Development 129: 2283-91 
Fischer AJ, McGuire CR, Dierks BD, Reh TA. 2002b. Insulin and fibroblast growth 
factor 2 activate a neurogenic program in Müller glia of the chicken retina. J 
Neurosci 22: 9387-98 
Fischer AJ, Morgan IG, Stell WK. 1999. Colchicine causes excessive ocular growth and 
myopia in chicks. Vision Res 39: 685-97 
166 
 
Fischer AJ, Omar G. 2005. Transitin, a nestin-related intermediate filament, is expressed 
by neural progenitors and can be induced in Müller glia in the chicken retina. J 
Comp Neurol 484: 1-14 
Fischer AJ, Omar G, Eubanks J, McGuire CR, Dierks BD, Reh TA. 2004a. Different 
aspects of gliosis in retinal Müller glia can be induced by CNTF, insulin and 
FGF2 in the absence of damage. Molecular Vision 10: 973-86 
Fischer AJ, Reh TA. 2000. Identification of a proliferating marginal zone of retinal 
progenitors in postnatal chickens. Dev Biol 220: 197-210 
Fischer AJ, Reh TA. 2001a. Müller glia are a potential source of neural regeneration in 
the postnatal chicken retina. Nat Neurosci 4: 247-52 
Fischer AJ, Reh TA. 2001b. Transdifferentiation of pigmented epithelial cells: a source 
of retinal stem cells? Dev Neurosci 23: 268-76 
Fischer AJ, Reh TA. 2002. Exogenous growth factors stimulate the regeneration of 
ganglion cells in the chicken retina. Dev Biol 251: 367-79 
Fischer AJ, Reh TA. 2003a. Growth factors induce neurogenesis in the ciliary body. Dev 
Biol 259: 225-40 
Fischer AJ, Reh TA. 2003b. Potential of Müller glia to become neurogenic retinal 
progenitor cells. Glia 43: 70-6 
Fischer AJ, Ritchey ER, Scott MA, Wynne A. 2008. Bullwhip neurons in the retina 
regulate the size and shape of the eye. Dev Biol 317: 196-212 
Fischer AJ, Schmidt M, Omar G, Reh TA. 2004b. BMP4 and CNTF are neuroprotective 
and suppress damage-induced proliferation of Müller glia in the retina. Mol Cell 
Neurosci 27: 531-42 
Fischer AJ, Scott MA, Ritchey ER, Sherwood P. 2009a. Mitogen-activated protein 
kinase-signaling regulates the ability of Müller glia to proliferate and protect 
retinal neurons against excitotoxicity. Glia 57: 1538-52 
Fischer AJ, Scott MA, Tuten W. 2009b. Mitogen-activated protein kinase-signaling 
stimulates Müller glia to proliferate in acutely damaged chicken retina. Glia 57: 
166-81 
Fischer AJ, Scott MA, Zelinka C, Sherwood P. 2010a. A novel type of glial cell in the 
retina is stimulated by insulin-like growth factor 1 and may exacerbate damage to 
neurons and Müller glia. Glia 58: 633-49 
167 
 
Fischer AJ, Seltner RL, Poon J, Stell WK. 1998. Immunocytochemical characterization 
of quisqualic acid- and N-methyl-D-aspartate-induced excitotoxicity in the retina 
of chicks. J Comp Neurol 393: 1-15 
Fischer AJ, Skorupa D, Schonberg DL, Walton NA. 2006. Characterization of glucagon-
expressing neurons in the chicken retina. J Comp Neurol 496: 479-94 
Fischer AJ, Wang SZ, Reh TA. 2004c. NeuroD induces the expression of visinin and 
calretinin by proliferating cells derived from toxin-damaged chicken retina. Dev 
Dyn 229: 555-63 
Fischer AJ, Zelinka C, Gallina D, Scott MA, Todd L. 2014b. Reactive microglia and 
macrophage facilitate the formation of Müller glia-derived retinal progenitors. 
Glia 62: 1608-28 
Fischer AJ, Zelinka C, Milani-Nejad N. 2015. Reactive retinal microglia, neuronal 
survival, and the formation of retinal folds and detachments. Glia 63: 313-27 
Fischer AJ, Zelinka C, Scott MA. 2010b. Heterogeneity of glia in the retina and optic 
nerve of birds and mammals. PLoS One 5: e10774 
Fisher SK, Anderson, D.H. 1994. Cellular effects of detachment on the neural retina and 
the retinal pigmented epithelium. In Retina, ed. SJ Ryan, pp. 2035-61. St. Louis: 
C.V. Mosby 
Fisher SK, Lewis GP. 2003. Müller cell and neuronal remodeling in retinal detachment 
and reattachment and their potential consequences for visual recovery: a review 
and reconsideration of recent data. Vision Res 43: 887-97 
Fitch MT, van de Beek D. 2008. Drug Insight: steroids in CNS infectious diseases--new 
indications for an old therapy. Nat Clin Pract Neurol 4: 97-104 
Frame S, Cohen P. 2001. GSK3 takes centre stage more than 20 years after its discovery. 
Biochem J 359: 1-16 
Franze K, Grosche J, Skatchkov SN, Schinkinger S, Foja C, et al. 2007. Müller cells are 
living optical fibers in the vertebrate retina. Proc Natl Acad Sci U S A 104: 8287-
92 
Friedlander M, Dorrell MI, Ritter MR, Marchetti V, Moreno SK, et al. 2007. Progenitor 
cells and retinal angiogenesis. Angiogenesis 10: 89-101 
Fuhrmann S. 2008. Wnt signaling in eye organogenesis. Organogenesis 4: 60-7 
Fujita Y, Imagawa T, Uehara M. 2001. Fine structure of the retino-optic nerve junction in 
the chicken. Tissue Cell 33: 129-34 
168 
 
Furukawa T, Kozak CA, Cepko CL. 1997. rax, a novel paired-type homeobox gene, 
shows expression in the anterior neural fold and developing retina. Proc Natl 
Acad Sci U S A 94: 3088-93 
Furukawa T, Mukherjee S, Bao ZZ, Morrow EM, Cepko CL. 2000. rax, Hes1, and notch1 
promote the formation of Müller glia by postnatal retinal progenitor cells. Neuron 
26: 383-94 
Gallina D, Todd L, Fischer AJ. 2014a. A comparative analysis of Müller glia-mediated 
regeneration in the vertebrate retina. Exp Eye Res 123: 121-30 
Gallina D, Zelinka C, Fischer AJ. 2014b. Glucocorticoid receptors in the retina, Müller 
glia and the formation of Müller glia-derived progenitors. Development 141: 
3340-51 
Garcia A, Steiner B, Kronenberg G, Bick-Sander A, Kempermann G. 2004. Age-
dependent expression of glucocorticoid- and mineralocorticoid receptors on 
neural precursor cell populations in the adult murine hippocampus. Aging Cell 3: 
363-71 
Ghai K, Zelinka C, Fischer AJ. 2009. Serotonin released from amacrine neurons is 
scavenged and degraded in bipolar neurons in the retina. J Neurochem 111: 1-14 
Ghai K, Zelinka C, Fischer AJ. 2010. Notch signaling influences neuroprotective and 
proliferative properties of mature Müller glia. J Neurosci 30: 3101-12 
Golde S, Coles A, Lindquist JA, Compston A. 2003. Decreased iNOS synthesis mediates 
dexamethasone-induced protection of neurons from inflammatory injury in vitro. 
Eur J Neurosci 18: 2527-37 
Goldman D. 2014. Müller glial cell reprogramming and retina regeneration. Nat Rev 
Neurosci 15: 431-42 
Gorovits R, Ben-Dror I, Fox LE, Westphal HM, Vardimon L. 1994. Developmental 
changes in the expression and compartmentalization of the glucocorticoid 
receptor in embryonic retina. Proc Natl Acad Sci U S A 91: 4786-90 
Gorovits R, Yakir A, Fox LE, Vardimon L. 1996. Hormonal and non-hormonal 
regulation of glutamine synthetase in the developing neural retina. Brain Res Mol 
Brain Res 43: 321-9 
Gould E, Tanapat P, McEwen BS, Flugge G, Fuchs E. 1998. Proliferation of granule cell 
precursors in the dentate gyrus of adult monkeys is diminished by stress. Proc 
Natl Acad Sci U S A 95: 3168-71 
169 
 
Goulding NJ. 2004. The molecular complexity of glucocorticoid actions in inflammation 
- a four-ring circus. Curr Opin Pharmacol 4: 629-36 
Graw J. 1996. Genetic aspects of embryonic eye development in vertebrates. Dev Genet 
18: 181-97 
Grossman R, Fox LE, Gorovits R, Ben-Dror I, Reisfeld S, Vardimon L. 1994. Molecular 
basis for differential expression of glutamine synthetase in retina glia and 
neurons. Brain Res Mol Brain Res 21: 312-20 
Guillemot F. 2007. Cell fate specification in the mammalian telencephalon. Prog 
Neurobiol 83: 37-52 
Hamburger V, Hamilton HL. 1992. A series of normal stages in the development of the 
chick embryo. 1951. Dev Dyn 195: 231-72 
Harada T, Harada C, Kohsaka S, Wada E, Yoshida K, et al. 2002. Microglia-Müller glia 
cell interactions control neurotrophic factor production during light-induced 
retinal degeneration. J Neurosci 22: 9228-36 
Hayes S, Nelson BR, Buckingham B, Reh TA. 2007. Notch signaling regulates 
regeneration in the avian retina. Dev Biol 312: 300-11 
Haynes T, Gutierrez C, Aycinena JC, Tsonis PA, Del Rio-Tsonis K. 2007. BMP 
signaling mediates stem/progenitor cell-induced retina regeneration. Proc Natl 
Acad Sci U S A 104: 20380-5 
Haynes T, Luz-Madrigal A, Reis ES, Echeverri Ruiz NP, Grajales-Esquivel E, et al. 
2013. Complement anaphylatoxin C3a is a potent inducer of embryonic chick 
retina regeneration. Nat Commun 4: 2312 
Heijdra YF. 2007. [Inhaled corticosteroids in patients with COPD: maintain current 
guidelines]. Ned Tijdschr Geneeskd 151: 2195-7 
Heins N, Malatesta P, Cecconi F, Nakafuku M, Tucker KL, et al. 2002. Glial cells 
generate neurons: the role of the transcription factor Pax6. Nat Neurosci 5: 308-15 
Hennig AK, Peng GH, Chen S. 2008. Regulation of photoreceptor gene expression by 
Crx-associated transcription factor network. Brain Res 1192: 114-33 
Herrera AJ, Tomas-Camardiel M, Venero JL, Cano J, Machado A. 2005. Inflammatory 
process as a determinant factor for the degeneration of substantia nigra 
dopaminergic neurons. J Neural Transm 112: 111-9 
Highland KB. 2004. Inhaled corticosteroids in chronic obstructive pulmonary disease: is 
there a long-term benefit? Curr Opin Pulm Med 10: 113-9 
170 
 
Hirschberg J. 1985. The History of Ophthalmology: Middle ages; the Sixteenth and 
Seventeenth Centuries: J.P. Wayenborgh 
Hisatomi T, Sakamoto T, Sonoda KH, Tsutsumi C, Qiao H, et al. 2003. Clearance of 
apoptotic photoreceptors: elimination of apoptotic debris into the subretinal space 
and macrophage-mediated phagocytosis via phosphatidylserine receptor and 
integrin alphavbeta3. Am J Pathol 162: 1869-79 
Hitchcock P, Ochocinska M, Sieh A, Otteson D. 2004. Persistent and injury-induced 
neurogenesis in the vertebrate retina. Prog Retin Eye Res 23: 183-94 
Hitchcock PF, Cirenza P. 1994. Synaptic organization of regenerated retina in the 
goldfish. J Comp Neurol 343: 609-16 
Hitchcock PF, Lindsey Myhr KJ, Easter SS, Jr., Mangione-Smith R, Jones DD. 1992. 
Local regeneration in the retina of the goldfish. J Neurobiol 23: 187-203 
Hitchcock PF, Raymond PA. 1992. Retinal regeneration. Trends Neurosci 15: 103-8 
Hojo M, Ohtsuka T, Hashimoto N, Gradwohl G, Guillemot F, Kageyama R. 2000. Glial 
cell fate specification modulated by the bHLH gene Hes5 in mouse retina. 
Development 127: 2515-22 
Holt CE, Bertsch TW, Ellis HM, Harris WA. 1988. Cellular determination in the 
Xenopus retina is independent of lineage and birth date. Neuron 1: 15-26 
Howard IP, Rogers JB. 1995. Binocular Vision and Stereopsis: Oxford University Press 
Inc 
Huang SM, Mishina YM, Liu S, Cheung A, Stegmeier F, et al. 2009. Tankyrase 
inhibition stabilizes axin and antagonizes Wnt signalling. Nature 461: 614-20 
Huang T, Cui J, Li L, Hitchcock PF, Li Y. 2012. The role of microglia in the 
neurogenesis of zebrafish retina. Biochem Biophys Res Commun 421: 214-20 
Hur EM, Zhou FQ. 2010. GSK3 signalling in neural development. Nat Rev Neurosci 11: 
539-51 
Inestrosa NC, Arenas E. 2010. Emerging roles of Wnts in the adult nervous system. Nat 
Rev Neurosci 11: 77-86 
Inoue M, Nakayama C, Noguchi H. 1996. Activating mechanism of CNTF and related 
cytokines. Mol Neurobiol 12: 195-209 
171 
 
Jadhav AP, Cho SH, Cepko CL. 2006a. Notch activity permits retinal cells to progress 
through multiple progenitor states and acquire a stem cell property. Proc Natl 
Acad Sci U S A 103: 18998-9003 
Jadhav AP, Mason HA, Cepko CL. 2006b. Notch 1 inhibits photoreceptor production in 
the developing mammalian retina. Development 133: 913-23 
Jean D, Bernier G, Gruss P. 1999. Six6 (Optx2) is a novel murine Six3-related homeobox 
gene that demarcates the presumptive pituitary/hypothalamic axis and the ventral 
optic stalk. Mech Dev 84: 31-40 
Jensen AM, Wallace VA. 1997. Expression of Sonic hedgehog and its putative role as a 
precursor cell mitogen in the developing mouse retina. Development 124: 363-71 
Kahn MA, Huang CJ, Caruso A, Barresi V, Nazarian R, et al. 1997. Ciliary neurotrophic 
factor activates JAK/Stat signal transduction cascade and induces transcriptional 
expression of glial fibrillary acidic protein in glial cells. J Neurochem 68: 1413-23 
Kandel ER, Schwartz JH, Jessell TM. 2000. Principles of Neural Science: McGrawHill.  
Kaneko H, Nishiguchi KM, Nakamura M, Kachi S, Terasaki H. 2008. Characteristics of 
bone marrow-derived microglia in the normal and injured retina. Invest 
Ophthalmol Vis Sci 49: 4162-8 
Karishma KK, Herbert J. 2002. Dehydroepiandrosterone (DHEA) stimulates 
neurogenesis in the hippocampus of the rat, promotes survival of newly formed 
neurons and prevents corticosterone-induced suppression. Eur J Neurosci 16: 
445-53 
Karl MO, Hayes S, Nelson BR, Tan K, Buckingham B, Reh TA. 2008. Stimulation of 
neural regeneration in the mouse retina. Proc Natl Acad Sci U S A 105: 19508-13 
Karl MO, Reh TA. 2010. Regenerative medicine for retinal diseases: activating 
endogenous repair mechanisms. Trends Mol Med 16: 193-202 
Karlstetter M, Ebert S, Langmann T. 2010. Microglia in the healthy and degenerating 
retina: insights from novel mouse models. Immunobiology 215: 685-91 
Kassen SC, Thummel R, Campochiaro LA, Harding MJ, Bennett NA, Hyde DR. 2009. 
CNTF induces photoreceptor neuroprotection and Müller glial cell proliferation 
through two different signaling pathways in the adult zebrafish retina. Exp Eye 
Res 88: 1051-64 
Kenyon KL, Zaghloul N, Moody SA. 2001. Transcription factors of the anterior neural 
plate alter cell movements of epidermal progenitors to specify a retinal fate. Dev 
Biol 240: 77-91 
172 
 
Klein MA, Moller JC, Jones LL, Bluethmann H, Kreutzberg GW, Raivich G. 1997. 
Impaired neuroglial activation in interleukin-6 deficient mice. Glia 19: 227-33 
Kruchkova Y, Ben-Dror I, Herschkovitz A, David M, Yayon A, Vardimon L. 2001. Basic 
fibroblast growth factor: a potential inhibitor of glutamine synthetase expression 
in injured neural tissue. J Neurochem 77: 1641-9 
Kubo F, Takeichi M, Nakagawa S. 2005. Wnt2b inhibits differentiation of retinal 
progenitor cells in the absence of Notch activity by downregulating the expression 
of proneural genes. Development 
Langmann T. 2007. Microglia activation in retinal degeneration. J Leukoc Biol 81: 1345-
51 
Lebrun-Julien F, Duplan L, Pernet V, Osswald I, Sapieha P, et al. 2009. Excitotoxic death 
of retinal neurons in vivo occurs via a non-cell-autonomous mechanism. J 
Neurosci 29: 5536-45 
Lenkowski JR, Qin Z, Sifuentes CJ, Thummel R, Soto CM, et al. 2013. Retinal 
regeneration in adult zebrafish requires regulation of TGFbeta signaling. Glia 61: 
1687-97 
Lenkowski JR, Raymond PA. 2014. Müller glia: Stem cells for generation and 
regeneration of retinal neurons in teleost fish. Prog Retin Eye Res in press 
Leung L, Klopper AV, Grill SW, Harris WA, Norden C. 2011. Apical migration of nuclei 
during G2 is a prerequisite for all nuclear motion in zebrafish neuroepithelia. 
Development 138: 5003-13 
Lewis GP, Charteris DG, Sethi CS, Fisher SK. 2002. Animal models of retinal 
detachment and reattachment: identifying cellular events that may affect visual 
recovery. Eye (Lond) 16: 375-87 
Lewis GP, Fisher SK. 2003. Up-regulation of glial fibrillary acidic protein in response to 
retinal injury: its potential role in glial remodeling and a comparison to vimentin 
expression. Int Rev Cytol 230: 263-90 
Lewis GP, Guerin CJ, Anderson DH, Matsumoto B, Fisher SK. 1994. Rapid changes in 
the expression of glial cell proteins caused by experimental retinal detachment. 
Am J Ophthalmol 118: 368-76 
Lewis GP, Sethi CS, Carter KM, Charteris DG, Fisher SK. 2005. Microglial cell 
activation following retinal detachment: a comparison between species. Mol Vis 
11: 491-500 
173 
 
Li HS, Yang JM, Jacobson RD, Pasko D, Sundin O. 1994. Pax-6 is first expressed in a 
region of ectoderm anterior to the early neural plate: implications for stepwise 
determination of the lens. Dev Biol 162: 181-94 
Lillien L. 1995. Changes in retinal cell fate induced by overexpression of EGF receptor. 
Nature 377: 158-62 
Limb GA, Daniels JT. 2008. Ocular regeneration by stem cells: present status and future 
prospects. Br Med Bull 85: 47-61 
Limb GA, Daniels JT, Cambrey AD, Secker GA, Shortt AJ, et al. 2006. Current 
prospects for adult stem cell-based therapies in ocular repair and regeneration. 
Curr Eye Res 31: 381-90 
Lindberg DC. 1976. Theories of Vision from al-Kindi to Kepler. Chigago: The University 
of Chicago 
Lindsey AE, Powers MK. 2007. Visual behavior of adult goldfish with regenerating 
retina. Vis Neurosci 24: 247-55 
Liu B, Hunter DJ, Rooker S, Chan A, Paulus YM, et al. 2012. Wnt signaling promotes 
Müller cell proliferation and survival after injury. Invest Ophthalmol Vis Sci 54: 
444-53 
Liu H, Xu S, Wang Y, Mazerolle C, Thurig S, et al. 2007a. Ciliary margin 
transdifferentiation from neural retina is controlled by canonical Wnt signaling. 
Dev Biol 308: 54-67 
Liu L, Wang C, Ni X, Sun J. 2007b. A rapid inhibition of NMDA receptor current by 
corticosterone in cultured hippocampal neurons. Neurosci Lett 420: 245-50 
Liu W, Khare SL, Liang X, Peters MA, Liu X, et al. 2000. All Brn3 genes can promote 
retinal ganglion cell differentiation in the chick. Development 127: 3237-47 
Livesey FJ, Cepko CL. 2001. Vertebrate neural cell-fate determination: lessons from the 
retina. Nat Rev Neurosci 2: 109-18 
Lombardo F. 1968. La rigenerazione della retina negli adulti di un Teleosteo. 
[Regeneration of the retina in an adult teleost] [in Italian]. Accad Lincei-
Rendiconti Scienze Fis Mat Nat Ser 8 45: 631-5 
Lombardo F. 1972. Andamento e localizzazione della mitosi durante la rigenerazione 
della retina di un Teleosteo adulto. [Time course and localization of mitoses 
during  regeneration of the retina in an adult teleost.] [in Italian]. Accad Lincei-
Rendiconti Scienze Fis Mat Nat Ser 8 53: 323-7 
174 
 
Loosli F, Winkler S, Wittbrodt J. 1999. Six3 overexpression initiates the formation of 
ectopic retina. Genes Dev 13: 649-54 
Lustig B, Jerchow B, Sachs M, Weiler S, Pietsch T, et al. 2002. Negative feedback loop 
of Wnt signaling through upregulation of conductin/axin2 in colorectal and liver 
tumors. Mol Cell Biol 22: 1184-93 
MacLaren RE, Pearson RA, MacNeil A, Douglas RH, Salt TE, et al. 2006. Retinal repair 
by transplantation of photoreceptor precursors. Nature 444: 203-7 
Madeira MH, Boia R, Santos PF, Ambrosio AF, Santiago AR. 2015. Contribution of 
Microglia-Mediated Neuroinflammation to Retinal Degenerative Diseases. 
Mediators Inflamm 2015: 673090 
Magri L, Galli R. 2013. mTOR signaling in neural stem cells: from basic biology to 
disease. Cell Mol Life Sci 70: 2887-98 
Mantovani A, Sica A, Sozzani S, Allavena P, Vecchi A, Locati M. 2004. The chemokine 
system in diverse forms of macrophage activation and polarization. Trends 
Immunol 25: 677-86 
Marie C. 1981. Ontogenesis of the adrenal glucocorticoids and of the target function of 
the enzymatic tyrosine transaminase activity in the chick embryo. J Endocrinol 
90: 193-200 
Marquardt T. 2003. Transcriptional control of neuronal diversification in the retina. Prog 
Retin Eye Res 22: 567-77 
Marquardt T, Pfaff SL. 2001. Cracking the transcriptional code for cell specification in 
the neural tube. Cell 106: 651-4 
Martinez-De Luna RI, Kelly LE, El-Hodiri HM. 2011. The Retinal Homeobox (Rx) gene 
is necessary for retinal regeneration. Dev Biol 353: 10-8 
Masic I. 2008. Ibn al-Haitham--father of optics and describer of vision theory. Med Arh 
62: 183-8 
Mathers PH, Grinberg A, Mahon KA, Jamrich M. 1997. The Rx homeobox gene is 
essential for vertebrate eye development. Nature 387: 603-7 
Matsumoto T, Turesson I, Book M, Gerwins P, Claesson-Welsh L. 2002. p38 MAP 
kinase negatively regulates endothelial cell survival, proliferation, and 
differentiation in FGF-2-stimulated angiogenesis. J Cell Biol 156: 149-60 
Medina M, Wandosell F. 2011. Deconstructing GSK-3: The Fine Regulation of Its 
Activity. Int J Alzheimers Dis 2011: 479249 
175 
 
Mensinger AF, Powers MK. 1999. Visual function in regenerating teleost retina 
following cytotoxic lesioning. Vis Neurosci 16: 241-51 
Mensinger AF, Powers MK. 2007. Visual function in regenerating teleost retina 
following surgical lesioning. Vis Neurosci 24: 299-307 
Metge CJ, Blanchard JF, Peterson S, Bernstein CN. 2001. Use of pharmaceuticals by 
inflammatory bowel disease patients: a population-based study. Am J 
Gastroenterol 96: 3348-55 
Meyers JR, Hu L, Moses A, Kaboli K, Papandrea A, Raymond PA. 2012. beta-
catenin/Wnt signaling controls progenitor fate in the developing and regenerating 
zebrafish retina. Neural Dev 7: 30 
Mitsui K, Tokuzawa Y, Itoh H, Segawa K, Murakami M, et al. 2003. The homeoprotein 
Nanog is required for maintenance of pluripotency in mouse epiblast and ES cells. 
Cell 113: 631-42 
Moon RT, Kohn AD, De Ferrari GV, Kaykas A. 2004. WNT and beta-catenin signalling: 
diseases and therapies. Nat Rev Genet 5: 691-701 
Morgan IG. 1981. Intraocular colchicine selectively destroys immature ganglion cells in 
chicken retina. Neurosci Lett 24: 255-60 
Moscona AA, Linser P. 1983. Developmental and experimental changes in retinal glia 
cells: cell interactions and control of phenotype expression and stability. Curr Top 
Dev Biol 18: 155-88 
Nadeau S, Rivest S. 2003. Glucocorticoids play a fundamental role in protecting the brain 
during innate immune response. J Neurosci 23: 5536-44 
Nakazawa T, Hisatomi T, Nakazawa C, Noda K, Maruyama K, et al. 2007. Monocyte 
chemoattractant protein 1 mediates retinal detachment-induced photoreceptor 
apoptosis. Proc Natl Acad Sci U S A 104: 2425-30 
Nakazawa T, Kayama M, Ryu M, Kunikata H, Watanabe R, et al. 2011. Tumor necrosis 
factor-alpha mediates photoreceptor death in a rodent model of retinal 
detachment. Invest Ophthalmol Vis Sci 52: 1384-91 
Nakazawa T, Shimura M, Ryu M, Nishida K, Pages G, et al. 2008. ERK1 plays a critical 
protective role against N-methyl-D-aspartate-induced retinal injury. J Neurosci 
Res 86: 136-44 
Nelson BR, Ueki Y, Reardon S, Karl MO, Georgi S, et al. 2011. Genome-wide analysis 
of Müller glial differentiation reveals a requirement for Notch signaling in 
postmitotic cells to maintain the glial fate. PLoS One 6: e22817 
176 
 
Nelson CM, Ackerman KM, O'Hayer P, Bailey TJ, Gorsuch RA, Hyde DR. 2013. Tumor 
necrosis factor-alpha is produced by dying retinal neurons and is required for 
Müller glia proliferation during zebrafish retinal regeneration. J Neurosci 33: 
6524-39 
Nelson CM, Gorsuch RA, Bailey TJ, Ackerman KM, Kassen SC, Hyde DR. 2012. Stat3 
defines three populations of Müller glia and is required for initiating maximal 
Müller glia proliferation in the regenerating zebrafish retina. J Comp Neurol 520: 
4294-311 
Nichols J, Zevnik B, Anastassiadis K, Niwa H, Klewe-Nebenius D, et al. 1998. 
Formation of pluripotent stem cells in the mammalian embryo depends on the 
POU transcription factor Oct4. Cell 95: 379-91 
Niwa H, Miyazaki J, Smith AG. 2000. Quantitative expression of Oct-3/4 defines 
differentiation, dedifferentiation or self-renewal of ES cells. Nat Genet 24: 372-6 
Niwa H, Ogawa K, Shimosato D, Adachi K. 2009. A parallel circuit of LIF signalling 
pathways maintains pluripotency of mouse ES cells. Nature 460: 118-22 
Noctor SC, Flint AC, Weissman TA, Dammerman RS, Kriegstein AR. 2001. Neurons 
derived from radial glial cells establish radial units in neocortex. Nature 409: 714-
20 
Norden C, Young S, Link BA, Harris WA. 2009. Actomyosin is the main driver of 
interkinetic nuclear migration in the retina. Cell 138: 1195-208 
Ochrietor JD, Moroz TP, Linser PJ. 2010. The 2M6 antigen is a Müller cell-specific 
intracellular membrane-associated protein of the sarcolemmal-membrane-
associated protein family and is also TopAP. Mol Vis 16: 961-9 
Oliver G, Mailhos A, Wehr R, Copeland NG, Jenkins NA, Gruss P. 1995. Six3, a murine 
homologue of the sine oculis gene, demarcates the most anterior border of the 
developing neural plate and is expressed during eye development. Development 
121: 4045-55 
Ooto S, Akagi T, Kageyama R, Akita J, Mandai M, et al. 2004. Potential for neural 
regeneration after neurotoxic injury in the adult mammalian retina. Proc Natl 
Acad Sci U S A 101: 13654-9 
Orchinik M, Murray TF, Moore FL. 1991. A corticosteroid receptor in neuronal 
membranes. Science 252: 1848-51 
Orts-Llorca F, Genis-Galvez JM. 1960. Experimental production of retinal septa in the 
chick embryo. Differentiation of pigment epithelium into neural retina. Acta Anat 
(Basel) 42: 31-70 
177 
 
Osakada F, Ooto S, Akagi T, Mandai M, Akaike A, Takahashi M. 2007. Wnt signaling 
promotes regeneration in the retina of adult mammals. J Neurosci 27: 4210-9 
Otteson DC, Cirenza PF, Hitchcock PF. 2002. Persistent neurogenesis in the teleost 
retina: evidence for regulation by the growth-hormone/insulin-like growth factor-I 
axis. Mech Dev 117: 137-49 
Otteson DC, Hitchcock PF. 2003. Stem cells in the teleost retina: persistent neurogenesis 
and injury-induced regeneration. Vision Res 43: 927-36 
Park CM, Hollenberg MJ. 1989. Basic fibroblast growth factor induces retinal 
regeneration in vivo. Dev Biol 134: 201-5 
Park CM, Hollenberg MJ. 1991. Induction of retinal regeneration in vivo by growth 
factors. Dev Biol 148: 322-33 
Park CM, Hollenberg MJ. 1993. Growth factor-induced retinal regeneration in vivo. Int 
Rev Cytol 146: 49-74 
Park KK, Liu K, Hu Y, Smith PD, Wang C, et al. 2008. Promoting axon regeneration in 
the adult CNS by modulation of the PTEN/mTOR pathway. Science 322: 963-6 
Patel AK, Surapaneni K, Yi H, Nakamura RE, Karli SZ, et al. 2014. Activation of 
Wnt/beta-catenin signaling in Müller glia protects photoreceptors in a mouse 
model of inherited retinal degeneration. Neuropharmacology 91: 1-12 
Pearson RA, Barber AC, Rizzi M, Hippert C, Xue T, et al. 2012. Restoration of vision 
after transplantation of photoreceptors. Nature 485: 99-103 
Penkowa M, Giralt M, Lago N, Camats J, Carrasco J, et al. 2003. Astrocyte-targeted 
expression of IL-6 protects the CNS against a focal brain injury. Exp Neurol 181: 
130-48 
Peterson WM, Wang Q, Tzekova R, Wiegand SJ. 2000. Ciliary neurotrophic factor and 
stress stimuli activate the Jak-STAT pathway in retinal neurons and glia. J 
Neurosci 20: 4081-90 
Phoenix TN, Temple S. 2010. Spred1, a negative regulator of Ras-MAPK-ERK, is 
enriched in CNS germinal zones, dampens NSC proliferation, and maintains 
ventricular zone structure. Genes Dev 24: 45-56 
Poche RA, Furuta Y, Chaboissier MC, Schedl A, Behringer RR. 2008. Sox9 is expressed 
in mouse multipotent retinal progenitor cells and functions in Müller glial cell 
development. J Comp Neurol 510: 237-50 
178 
 
Pollak J, Wilken MS, Ueki Y, Cox KE, Sullivan JM, et al. 2013. ASCL1 reprograms 
mouse Müller glia into neurogenic retinal progenitors. Development 140: 2619-31 
Prajgrod G, Danon A. 1992. Biphasic regulation by dexamethasone of IL-1- and LPS-
stimulated endothelial prostacyclin production. Agents Actions 36: 70-6 
Ramachandran R, Fausett BV, Goldman D. 2010. Ascl1a regulates Müller glia 
dedifferentiation and retinal regeneration through a Lin-28-dependent, let-7 
microRNA signalling pathway. Nat Cell Biol 12: 1101-7 
Ramachandran R, Zhao XF, Goldman D. 2011. Ascl1a/Dkk/beta-catenin signaling 
pathway is necessary and glycogen synthase kinase-3beta inhibition is sufficient 
for zebrafish retina regeneration. Proc Natl Acad Sci U S A 108: 15858-63 
Ramachandran R, Zhao XF, Goldman D. 2012. Insm1a-mediated gene repression is 
essential for the formation and differentiation of Müller glia-derived progenitors 
in the injured retina. Nat Cell Biol 
Raymond PA. 1991. Retinal regeneration in teleost fish. Ciba Found Symp 160: 171-86; 
discussion 86-91 
Raymond PA, Barthel LK, Bernardos RL, Perkowski JJ. 2006. Molecular 
characterization of retinal stem cells and their niches in adult zebrafish. BMC Dev 
Biol 6: 36 
Raymond PA, Hitchcock PF. 1997. Retinal regeneration: common principles but a 
diversity of mechanisms. Adv Neurol 72: 171-84 
Raymond PA, Hitchcock PF. 2000. How the neural retina regenerates. Results Probl Cell 
Differ 31: 197-218 
Raymond PA, Reifler MJ, Rivlin PK. 1988. Regeneration of goldfish retina: rod 
precursors are a likely source of regenerated cells. J Neurobiol 19: 431-63 
Reh TA. 1987. Cell-specific regulation of neuronal production in the larval frog retina. J 
Neurosci 7: 3317-24 
Reh TA, Nagy T, Gretton H. 1987. Retinal pigmented epithelial cells induced to 
transdifferentiate to neurons by laminin. Nature 330: 68-71 
Reh TA, Tully T. 1986. Regulation of tyrosine hydroxylase-containing amacrine cell 
number in larval frog retina. Dev Biol 114: 463-9 
Reichenbach A, Bringmann A. 2013. New functions of Müller cells. Glia 61: 651-78 
179 
 
Rhee J, Buchan T, Zukerberg L, Lilien J, Balsamo J. 2007. Cables links Robo-bound Abl 
kinase to N-cadherin-bound beta-catenin to mediate Slit-induced modulation of 
adhesion and transcription. Nat Cell Biol 9: 883-92 
Rhen T, Cidlowski JA. 2005. Antiinflammatory action of glucocorticoids--new 
mechanisms for old drugs. N Engl J Med 353: 1711-23 
Richard-Parpaillon L, Heligon C, Chesnel F, Boujard D, Philpott A. 2002. The IGF 
pathway regulates head formation by inhibiting Wnt signaling in Xenopus. Dev 
Biol 244: 407-17 
Ritchey ER, Zelinka CP, Tang J, Liu J, Fischer AJ. 2012. The combination of IGF1 and 
FGF2 and the induction of excessive ocular growth and extreme myopia. Exp Eye 
Res 99: 1-16 
Robertson S, Allie-Reid F, Vanden Berghe W, Visser K, Binder A, et al. 2010. 
Abrogation of glucocorticoid receptor dimerization correlates with dissociated 
glucocorticoid behavior of compound a. J Biol Chem 285: 8061-75 
Roesch K, Jadhav AP, Trimarchi JM, Stadler MB, Roska B, et al. 2008. The 
transcriptome of retinal Müller glial cells. J Comp Neurol 509: 225-38 
Roesch K, Stadler MB, Cepko CL. 2012. Gene expression changes within Müller glial 
cells in retinitis pigmentosa. Mol Vis 18: 1197-214 
Romero-Aleman MM, Monzon-Mayor M, Santos E, Lang DM, Yanes C. 2012. Neuronal 
and glial differentiation during lizard (Gallotia galloti) visual system ontogeny. J 
Comp Neurol 520: 2163-84 
Rompani SB, Cepko CL. 2010. A common progenitor for retinal astrocytes and 
oligodendrocytes. J Neurosci 30: 4970-80 
Sato S, Osanai H, Monma T, Harada T, Hirano A, et al. 2004. Acute effect of 
corticosterone on N-methyl-D-aspartate receptor-mediated Ca2+ elevation in 
mouse hippocampal slices. Biochem Biophys Res Commun 321: 510-3 
Schaaf MJ, Cidlowski JA. 2002. Molecular mechanisms of glucocorticoid action and 
resistance. J Steroid Biochem Mol Biol 83: 37-48 
Scheer N, Groth A, Hans S, Campos-Ortega JA. 2001. An instructive function for Notch 
in promoting gliogenesis in the zebrafish retina. Development 128: 1099-107 
Scheinman RI, Cogswell PC, Lofquist AK, Baldwin AS, Jr. 1995. Role of transcriptional 
activation of I kappa B alpha in mediation of immunosuppression by 
glucocorticoids. Science 270: 283-6 
180 
 
Schraml E, Fuchs R, Kotzbeck P, Grillari J, Schauenstein K. 2009. Acute adrenergic 
stress inhibits proliferation of murine hematopoietic progenitor cells via 
p38/MAPK signaling. Stem Cells Dev 18: 215-27 
Schroter A, Lustenberger RM, Obermair FJ, Thallmair M. 2009. High-dose 
corticosteroids after spinal cord injury reduce neural progenitor cell proliferation. 
Neuroscience 161: 753-63 
Schwarz M, Cecconi F, Bernier G, Andrejewski N, Kammandel B, et al. 2000. Spatial 
specification of mammalian eye territories by reciprocal transcriptional repression 
of Pax2 and Pax6. Development 127: 4325-34 
Seitz R, Hackl S, Seibuchner T, Tamm ER, Ohlmann A. 2010. Norrin mediates 
neuroprotective effects on retinal ganglion cells via activation of the Wnt/beta-
catenin signaling pathway and the induction of neuroprotective growth factors in 
Müller cells. J Neurosci 30: 5998-6010 
Shaham O, Menuchin Y, Farhy C, Ashery-Padan R. 2012. Pax6: a multi-level regulator 
of ocular development. Prog Retin Eye Res 31: 351-76 
Shen W, Fruttiger M, Zhu L, Chung SH, Barnett NL, et al. 2012. Conditional Müllercell 
ablation causes independent neuronal and vascular pathologies in a novel 
transgenic model. J Neurosci 32: 15715-27 
Sherpa T, Fimbel SM, Mallory DE, Maaswinkel H, Spritzer SD, et al. 2008. Ganglion 
cell regeneration following whole-retina destruction in zebrafish. Dev Neurobiol 
68: 166-81 
Sica A, Schioppa T, Mantovani A, Allavena P. 2006. Tumour-associated macrophages 
are a distinct M2 polarised population promoting tumour progression: potential 
targets of anti-cancer therapy. Eur J Cancer 42: 717-27 
Sierra A, Gottfried-Blackmore A, Milner TA, McEwen BS, Bulloch K. 2008. Steroid 
hormone receptor expression and function in microglia. Glia 56: 659-74 
Song IH, Gold R, Straub RH, Burmester GR, Buttgereit F. 2005. New glucocorticoids on 
the horizon: repress, don't activate! J Rheumatol 32: 1199-207 
Spence JR, Madhavan M, Ewing JD, Jones DK, Lehman BM, Del Rio-Tsonis K. 2004. 
The hedgehog pathway is a modulator of retina regeneration. Development 131: 
4607-21 
Stadler JA, Shkumatava A, Neumann CJ. 2004. The role of hedgehog signaling in the 
development of the zebrafish visual system. Dev Neurosci 26: 346-51 
181 
 
Stanke J, Moose HE, El-Hodiri HM, Fischer AJ. 2010. Comparative study of Pax2 
expression in glial cells in the retina and optic nerve of birds and mammals. J 
Comp Neurol 518: 2316-33 
Stanke JJ, Fischer AJ. 2010. Embryonic retinal cells and support to mature retinal 
neurons. Invest Ophthalmol Vis Sci 51: 2208-18 
Stellato C. 2004. Post-transcriptional and nongenomic effects of glucocorticoids. Proc 
Am Thorac Soc 1: 255-63 
Stenkamp DL, Powers MK, Carney LH, Cameron DA. 2001. Evidence for two distinct 
mechanisms of neurogenesis and cellular pattern formation in regenerated 
goldfish retinas. J Comp Neurol 431: 363-81 
Sternberg EM. 2006. Neural regulation of innate immunity: a coordinated nonspecific 
host response to pathogens. Nat Rev Immunol 6: 318-28 
Stone L. 1950. Neural retina degeneration followed by regeneration from surviving 
pigment cells in grafted adult salamander eyes. Anatomical Records 106: 89-110 
Stuermer CA, Easter SS, Jr. 1984. A comparison of the normal and regenerated 
retinotectal pathways of goldfish. J Comp Neurol 223: 57-76 
Sun F, Park KK, Belin S, Wang D, Lu T, et al. 2011. Sustained axon regeneration 
induced by co-deletion of PTEN and SOCS3. Nature 480: 372-5 
Sundberg M, Savola S, Hienola A, Korhonen L, Lindholm D. 2006. Glucocorticoid 
hormones decrease proliferation of embryonic neural stem cells through 
ubiquitin-mediated degradation of cyclin D1. J Neurosci 26: 5402-10 
Takahashi K, Yamanaka S. 2006. Induction of pluripotent stem cells from mouse 
embryonic and adult fibroblast cultures by defined factors. Cell 126: 663-76 
Takahashi T, Kimoto T, Tanabe N, Hattori TA, Yasumatsu N, Kawato S. 2002. 
Corticosterone acutely prolonged N-methyl-d-aspartate receptor-mediated Ca2+ 
elevation in cultured rat hippocampal neurons. J Neurochem 83: 1441-51 
Takeda M, Takamiya A, Yoshida A, Kiyama H. 2002. Extracellular signal-regulated 
kinase activation predominantly in Müller cells of retina with endotoxin-induced 
uveitis. Invest Ophthalmol Vis Sci 43: 907-11 
Thiele K, Buttgereit F, Huscher D, Zink A. 2005. Current use of glucocorticoids in 
patients with rheumatoid arthritis in Germany. Arthritis Rheum 53: 740-7 
182 
 
Thornton TM, Pedraza-Alva G, Deng B, Wood CD, Aronshtam A, et al. 2008. 
Phosphorylation by p38 MAPK as an alternative pathway for GSK3beta 
inactivation. Science 320: 667-70 
Thummel R, Enright JM, Kassen SC, Montgomery JE, Bailey TJ, Hyde DR. 2010. Pax6a 
and Pax6b are required at different points in neuronal progenitor cell proliferation 
during zebrafish photoreceptor regeneration. Exp Eye Res 90: 572-82 
Todd L, Fischer AJ. 2015. Hedgehog-signaling stimulates the formation of proliferating 
Müller glia-derived progenitor cells in the retina. Development in press 
Tomita K, Nakanishi S, Guillemot F, Kageyama R. 1996. Mash1 promotes neuronal 
differentiation in the retina. Genes Cells 1: 765-74 
Turner DL, Cepko CL. 1987. A common progenitor for neurons and glia persists in rat 
retina late in development. Nature 328: 131-6 
Turner DL, Snyder EY, Cepko CL. 1990. Lineage-independent determination of cell type 
in the embryonic mouse retina. Neuron 4: 833-45 
Van Rooijen N. 1989. The liposome-mediated macrophage 'suicide' technique. J Immunol 
Methods 124: 1-6 
van Rooijen N. 1992. Liposome-mediated elimination of macrophages. Res Immunol 
143: 215-9 
Van Rooijen N, Sanders A. 1994. Liposome mediated depletion of macrophages: 
mechanism of action, preparation of liposomes and applications. J Immunol 
Methods 174: 83-93 
van Wijngaarden P, Franklin RJ. 2013. Ageing stem and progenitor cells: implications 
for rejuvenation of the central nervous system. Development 140: 2562-75 
Verma-Kurvari S, Savage T, Gowan K, Johnson JE. 1996. Lineage-specific regulation of 
the neural differentiation gene MASH1. Dev Biol 180: 605-17 
Vihtelic TS, Hyde DR. 2000. Light-induced rod and cone cell death and regeneration in 
the adult albino zebrafish (Danio rerio) retina. J Neurobiol 44: 289-307 
Wallace VA. 2008. Proliferative and cell fate effects of Hedgehog signaling in the 
vertebrate retina. Brain Res 1192: 61-75 
Walsh LJ, Wong CA, Pringle M, Tattersfield AE. 1996. Use of oral corticosteroids in the 
community and the prevention of secondary osteoporosis: a cross sectional study. 
Bmj 313: 344-6 
183 
 
Walther C, Gruss P. 1991. Pax-6, a murine paired box gene, is expressed in the 
developing CNS. Development 113: 1435-49 
Wan J, Ramachandran R, Goldman D. 2012. HB-EGF is necessary and sufficient for 
Müller glia dedifferentiation and retina regeneration. Dev Cell 22: 334-47 
Wan J, Zhao XF, Vojtek A, Goldman D. 2014. Retinal Injury, Growth Factors, and 
Cytokines Converge on beta-Catenin and pStat3 Signaling to Stimulate Retina 
Regeneration. Cell Rep 9: 285-97 
Wan J, Zheng H, Xiao HL, She ZJ, Zhou GM. 2007. Sonic hedgehog promotes stem-cell 
potential of Müller glia in the mammalian retina. Biochem Biophys Res Commun 
363: 347-54 
Wang M, Ma W, Zhao L, Fariss RN, Wong WT. 2011. Adaptive Müller cell responses to 
microglial activation mediate neuroprotection and coordinate inflammation in the 
retina. J Neuroinflammation 8: 173 
Wang Y, Smith SB, Ogilvie JM, McCool DJ, Sarthy V. 2002. Ciliary neurotrophic factor 
induces glial fibrillary acidic protein in retinal Müller cells through the 
JAK/STAT signal transduction pathway. Curr Eye Res 24: 305-12 
West EL, Gonzalez-Cordero A, Hippert C, Osakada F, Martinez-Barbera JP, et al. 2012. 
Defining the integration capacity of embryonic stem cell-derived photoreceptor 
precursors. Stem Cells 30: 1424-35 
Wetts R, Fraser SE. 1988. Multipotent precursors can give rise to all major cell types of 
the frog retina. Science 239: 1142-5 
Won MH, Kang TC, Cho SS. 2000. Glial cells in the bird retina: immunochemical 
detection. Microsc Res Tech 50: 151-60 
Wong EY, Herbert J. 2006. Raised circulating corticosterone inhibits neuronal 
differentiation of progenitor cells in the adult hippocampus. Neuroscience 137: 
83-92 
Wong LL, Rapaport DH. 2009. Defining retinal progenitor cell competence in Xenopus 
laevis by clonal analysis. Development 136: 1707-15 
Wu DM, Schneiderman T, Burgett J, Gokhale P, Barthel L, Raymond PA. 2001. Cones 
regenerate from retinal stem cells sequestered in the inner nuclear layer of adult 
goldfish retina. Invest Ophthalmol Vis Sci 42: 2115-24 
Xiang M, Zhou L, Macke JP, Yoshioka T, Hendry SH, et al. 1995. The Brn-3 family of 
POU-domain factors: primary structure, binding specificity, and expression in 
184 
 
subsets of retinal ganglion cells and somatosensory neurons. J Neurosci 15: 4762-
85 
Xiang M, Zhou L, Peng YW, Eddy RL, Shows TB, Nathans J. 1993. Brn-3b: a POU 
domain gene expressed in a subset of retinal ganglion cells. Neuron 11: 689-701 
Xu H, Chen M, Forrester JV. 2009. Para-inflammation in the aging retina. Prog Retin 
Eye Res 28: 348-68 
Yang SR, Kim SJ, Byun KH, Hutchinson B, Lee BH, et al. 2006. NPC1 gene deficiency 
leads to lack of neural stem cell self-renewal and abnormal differentiation through 
activation of p38 mitogen-activated protein kinase signaling. Stem Cells 24: 292-8 
Yang XJ. 2004. Roles of cell-extrinsic growth factors in vertebrate eye pattern formation 
and retinogenesis. Semin Cell Dev Biol 15: 91-103 
Yurco P, Cameron DA. 2005. Responses of Müller glia to retinal injury in adult 
zebrafish. Vision Res 45: 991-1002 
Zelinka CP, Scott MA, Volkov L, Fischer AJ. 2012. The Reactivity, Distribution and 
Abundance of Non-Astrocytic Inner Retinal Glial (NIRG) Cells Are Regulated by 
Microglia, Acute Damage, and IGF1. PLoS One 7: e44477 
Zhang T, Zhang N, Baehr W, Fu Y. 2011. Cone opsin determines the time course of cone 
photoreceptor degeneration in Leber congenital amaurosis. Proc Natl Acad Sci U 
S A 108: 8879-84 
Zhao M, Valamanesh F, Celerier I, Savoldelli M, Jonet L, et al. 2010. The neuroretina is 
a novel mineralocorticoid target: aldosterone up-regulates ion and water channels 
in Müller glial cells. Faseb J 24: 3405-15 
Zhao S, Rizzolo LJ, Barnstable CJ. 1997. Differentiation and transdifferentiation of the 
retinal pigment epithelium. Int Rev Cytol 171: 225-66 
Zhao S, Thornquist SC, Barnstable CJ. 1995. In vitro transdifferentiation of embryonic 
rat retinal pigment epithelium to neural retina. Brain Res 677: 300-10 
Zheng XF, Liu L, Zhou J, Miao MY, Zhou JR, et al. 2009. Biphasic effects of 
dexamethasone on glycogen metabolism in primary cultured rat hepatocytes. J 
Endocrinol Invest 32: 756-8 
Zhu J, Luz-Madrigal A, Haynes T, Zavada J, Burke AK, Del Rio-Tsonis K. 2014. beta-
Catenin inactivation is a pre-requisite for chick retina regeneration. PLoS One 9: 
e101748 
185 
 
Zuber ME, Gestri G, Viczian AS, Barsacchi G, Harris WA. 2003. Specification of the 
vertebrate eye by a network of eye field transcription factors. Development 130: 
5155-67 
Zuber ME, Perron M, Philpott A, Bang A, Harris WA. 1999. Giant eyes in Xenopus 
laevis by overexpression of XOptx2. Cell 98: 341-52 
 
